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Prepared by the Jer Propulsion Laboratory, Califormia Institute of Technology,
for the U.S. Department of Enecrgy through an agreement with the Nauonal
Acronautics and Space Administration.

The JPL Flat-Plate Solar Array Project is sponsored by the U.S. Department of
Energy and s part of the Photovoltsic Energy Systems Program to iniuate a
major effort toward the development of cost-competitive solar arrays

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United Stmtes Governrient nor any
agency thereof, ner any of their employees, makes any warranty, express or
imphed, or assumnes any legal liability or responsibility for the accuracy, com-
pleteness, or usefuiness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.

Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does noi necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessanly state or reflect those of the United States
Government or any agency thereof.

This document reports on work done under NASA Task RE-152, Amendment
66, DOE / NASA 1AA No. DT-A101-76ET20356.
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ABSTRACT

This report describes progress made by the Flat-Plate Solar Array
Project during the period March 1984 to October 1984. It includes reports on
silicon sheet growth and characterization, silicon material, process
development, high-efficiency cells, environmental isolation, engineering
sciences, and celiability physics. It includes a report on, and copies of
visual presentations made at, the 24th Project integration Meeting held at
.Pasadena, California, on October 2 and 3, 1984.
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NOMENCLATURE
A Ampere(s); Angstrom(s)
ac Alternating current
AM Air mase (e.g., AMl = unit air mass)
AR Antireflective
, a-si Amorphous silicon

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
BA Butyl acrylate
BO3 Belance of System (non-array elements of a PV system)
BSF Back-surface field
BSR Back-surface reflection
c Celsius (temperature scale)
Caltech California Institute of Technology
CEC Commission of Furopean Communities
CER Controlled-environment reactor
COSMIC Computer Software Management Informatioa Center
CPVC Chlorinated polyvinyl chloride
c-51 Single-crystal silicon
c-v Capacitance-voltage
CcvD Chemical vapor deposition
CvVT Chemical vapor transport
Cz Czochralski (classical silicon crystal growth method)
dc Direct current
DCS Dichlorosilane
DI De-ionized
DLTS Deep~level transient apectrcscopy
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DOE U.S. Department of Energy
EBIC Electron-beam-induced current

EDAX, EDX Election-disperszive analysis of X-rays

EDS Electron-dispersion spectroscopy

EFG Edge-defined film-fed growth (silicon-ribbon growth method)
EMA Ethylene methyl acrylate

EPDM Ethylene-propylene-diene monomer

EPRI Electric Power Research Institute

EPSDU Experimental process systea development unit

ESP Edge-supported pulling (silicon-sheet production process)
EVA Ethylene vinyl acetate

FBR Fluidized-bed reactour

FF Fill factor

FSA Flat-Plate Solar Array Project

FSR Free-space reactor

FTIR Fourier transform infrared

FY Fiscal year

FZ Float-zone (silicon sheet growth method)

GC Gas chromatography

GFCIL Giound-fault circuit interruptor

h Heat transfer coefficient; hour(s)

HEM Heat-exchange method (silicon-crystal ingot-growth method)
ICB Ion cliuster beam

Ige Short-circuit current

I-v Current~-voltage

ID Inside diameter

IEEE Institute of Electrical and Electronics Engineers, Inc.
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PROGRESS REPORT

Project Summary

INTRODUCTION

This report describes the activities of the Flat-Plate Solar Array Project
(FSA) from April 1984 through September 1984, including the 24th FSA Project
Integration Meeting (PIM), hel!: on October 2 and 3, 1984.

The Flat-Plate Solar Array Project at the Jet Propulusion Laboratory (JPL),
sponsored by the U.S. Department of Energy (DOE), has the responsibility for
advancing solar array technology while encouraging industry to reduce the price
of arrays to a level at which photovoltaic (PV) electric power systems will be
competitive with more conventional power sources. This responsibility has
included developing the technology for producing low-cost, long-life
photovoltaic modules and arraye. More than 100 rrganizations have participated
in FSA-sponsored research and development of low-cost solar module
manufacturing and mass-production technology, the transfer of this technology
to industry for commercialization, and the development and testing of advanced
prototype modules and arrays. Economic analyses were used to select, for
sponsorship, those research and development efforts most likely to result in
significant cost reductious. Set forth here i: an account of the progress that
has been made during the reporting period.

SUMMARY OF PROGRESS

Experimental test runs of a fluidized-bed reactor (FBR) at the Union
Carbide Corp. (UCC) experimental process system development unit (EPSDU) at
Washougal, Washingion, continue to demonstrate the practicality of converting
silane to silicon. The 6-inch-dia. FBR was equipped with a high-purity
polysilicon liner to prevent msztallic impurity contamination of the silicom
product from the FBR walls during operation. During a successful 66-hour test
(502 longer than any previous test) the seed particles (280 micrometer average
diameter) were grown to about 480 micrometers. Initial neutron activation
analysis results showed that there was no gross coatamination introduced in
the FBR.

The 6~in-dia. research FBR at JPL, which was also equipped with a quartz
liner, h=s been operated successfully. A 4-hour run at 30 mole Z silane in
hydrogen (twice the UCC FBR concentration) and 3-hour 50% concentration run
demonstrated the integrity of the liner and the absence of metallic impurities
in the si.icon. A fluid-jet mill specifically designed for making FBR
silicon-seed material hazs been fabricated and used successfully.

Theoretical analyses of silicon particle growth at the California
Institute of Technology provided valuable information regarding the narrow
dividing line between the conditions for the formation of new particles and
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PROJECT SUMMARY

conditions for growth or seed particles. Seed particle size is an important
parameter for the control of nucleation and the prevention of excessive fines
production during the pyrolysis or conversion of silane to silicon.

The feasibility of microwave heating of a fluidized bed of silicoun
particles, about 300 um in diameter, under nonreactive steady-state conditionms
was demonstrated successfully by Superwave Technology, Inc. The properties of
silane should preclude the likelihood 2f excessive silicon fines formation or
other problems if microwave heating were used in a reactive FBR.

A computer model of silane pyrolysis in an FBR that can be used for
designing caled-up reactors for pilot plants has been completed for some
operational conditions by Washington University at St. Louis. The effort is
continuing to model more FBR operational ~onditions.

A well-planned, comprehensive, multiorganization research effort on
defining growth-induced stresses in silicon ribbons and evaluating the quality
of the resultant ribbon, initiated early in 1983, is making good progress.
Mathematical models have beceu created that predict more accurately stress and
strain history during the silicon growth process and the residual stresses in
the silicon ribbons. These models are an advance over prev.ous ounes because
they take into account the growth history of the ribbon and the materiai's
non-linearity and creep behavior. Relevant ribbon-temperature data aud
boundary conditions are obtained experimentally from various growth equipment
and are usea to refine and confirm the thecretical analyses. Thus,
researchers are evaluating various grower geometric counfigurations and ribbon
temperature distributions, allowing them to identify critical tradeoffs in
ribbon-growth equipment.

During this reporting period a number of dendcitic-web silicon ribbons,
ranging from 5 to ¢.6 meters in length, have been zrown at Westinghouse
Electric Corp. with growers of various des'gns, some with silicon melt
replen’ sument. Some ribbons had no residual stress. The ribbon growth and
grower knowledge required to increase growth speeds and retain good quality
ribbon is gradually being acquived.

Creep studies in float-zone (FZ) and Czochralski (Cz) silicon at high
temperatures being done z2i Mcbil Solar Enmergy Corp. have established that
silicon sheet above 1200°C responds as an essentially plastic materiusl at
the stresser and sctrains expected during silicon ribbon growth. This creep
informa-ica is being incorporated into stress analyses to obtain new
predictr ns for residual stress buildup in edge-defined film-fed growth (EFG)
ribt ":s. The temperature gradient at the EFG ribbon-growth interface was
c¢' arly identified as a asajor control parameter needed to achieve reduced
ribbon stress. Further studies will continue to evaluate the role and
sensitivity of other parameters and the 2ffects of high and low temperatures
on stress.

A new low-angle silicon sheet (LASS) unit for growing a higher-quality
horizor.al silicon ribbon was put into operatinn at Energy Materials Corp.

A report titled "Viscoplastic Stress/Strain Model," written by the
university of Kentucky, described an analytical model that handles plasticity,
creep, and dislocation generation in silicon ribbons as a function of strain
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rate, initial dislocation density, and oxygen concentration. Elastic stress
and buckling analytical results are reasonally consistent with a2xperimental
observations. .

Evaluation of fracture properties and crack propagation in single-crystal
silicon was demonstrated at JPL by use of an acoustic emission technique that
has the capability to locate a crack and to monitor crack growth speed in
silicon sheet.

Maximum residual stress measurements in silicon sheet oy the use of laser
in.erferometry, at the University of Illinois at Chicago, showed that EFG
nonagon silicon ribbon had stresses abcut 4 to 10 times greater than that
measured for silicon web ribbon.

A number of supportive analytical and experimental techniques are under

development at numerous organizations to supplement the silicon-sheet studies
described above.

Steady progress has been made on gaining a basic understanding of possible
carbon gettering mechanisms in EFG silicon ribbons at Cornell university.

A preliminary study of oxygen effects on the structural defects in EFG
silicon ribbons has been completed. Results indicate that oxygen content
influences the formation of planar defects, e.g. twins, probably due to oxygen
hardening of the ribbons. This is consistent with previous data that indicate
that EFG ribbons with high oxygen content are often bette: electrically.

A new technique, developed at the University of Florida, for measuring
minority carrier lifetimes and surface recombination velocities in bulk
silicon has been described in its annual report.

Westinghouse has shown that lasers can be used effectively as a patterning
devi.e in metallizing cells. 1In one of its experiments, silver neodecanoate
dissolved in xylene was spun onto diffused silicon wafers coated with
evaporated titanium-palladium. The cells were then exposed to a laser beam
that scanned (wrote) a fixed metallization pattern on the .ells. These cells
were then plated in a silver cyanide bath; selective plating occurred only on
those areas exposed to the laser beam. The unexposed metal areas were easily
etched away. Cell efficiencies were good. This technique shows promise in
eliminating expensive masking steps. ;

ARCO Solar, Inc., and Spire Corp. are showing promising results in laser-
annealing ion-implanted solar cells. Likewise, laser drive-in of liquid
dopants has, thus far, shown the most promise in the simultaneous front-and-
back juanction formation effort.

A test program is under way at Clemsorn University to investigate
first-order failure mechanisms on thin-fiim ceils. 1initial tests are
identical with those developed by Clemson for use with crystalline-silicon
cells.

Measurements of electrochemical degradation of crystalline silicon solar
cells at JPL has related leakage current levels, integrated over exposure
times, with cell power output reduction when polymer-encapsulated
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two-electrode cell-frame samples were exposed to temperature-humidity
environments., The degradation mechanisms differ for positive and negative
cell polarities.

Dow Corning observed that EVA bonds strongly to aluminized back surfaces
of solar cells, but bonds weakly to aluminum foil or sheet when the same
primer is used. Initial observations indicate that the cell back surface is a
mixture of aluminum and silicon.

The overall rate of photnthermal yellowing of pottants is governed by
three mechanisms. The rate of thermal yellowing is found to be faster than
that of photothermal yellowing, hosever; photo-induced bleaching is
sigaificant. The individual rates of these reactions are being determined for
inclusion in a quantitative model.

The overall status of module reliability from mechanism and
circuit-redundancy perspectives has been emphasized in a number of recent JPL
papers. The reliability goals for 13 principal failure mechanisms have been
updated and the research status of each has been defined.

Guidelines for future testing of mcduies for susceptibility to hot-spot
problems if the modules are to be used in central-station applications, and
the guidelines tor circuit design sirategies, were developed by JPL in
conjunction with ARCO Solar, Inc., and Acurex Corp.

The General Electric Co. final report on the integration of bypass diodes
in PV modules and arrays was distributed.

A series of tests were completed at Underwriters Laboratories, Inc., in
conjunction with ARCO Solar, Inc., to characterize various module back-cover- -
material temperatures during fire testing.

Envivonmental test activity has continued on Block V modules,
commerciahouseules procured under Block V type contracts and commercial
mo 'ules procured to investigate module developments. Module deficiencies, in
both design and fabrication as in earlier modules, have been uncovered by use
of the more stringent Block V test conditions. %

JPL is participating in a series of comparative silicon reference-cell
performance measurements with the Commission of European Communities, the
British Petroleum Co. Ltd. and the Solar Energy Research Institute (SERI).

The series of measurements by JPL and SERI has ultimately resulted in data
showing that the SERI calibration values now match the JPL values very closely.

To prepare ior failure-analysis evaluation of thin-film amorphous silicon
solar cells, an argon laser was integrated into the existing JPL solar-ceil
laser scanner (SCLS). The lasar's six selectable spectral lines significantly
expand the capability of the SCLS and also provide the means for
depth-profiling cell performance properties.

Work is continuing at Spire Corp. on the development of a high-efficiency
crystalline silicon cell module. A batch of solar cells, manufactur:d using
ion-implanted FZ silicon wafers with back-surface reflector, averaged 15.5%
efficiency.
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Area Reports
MATERIALS AND DEVICES RESEARCH AREA

Silicon Materials Research Task
and Advanced Silicon Sheet Task

INTRODUCTION

The objectives of the Silicon Materials kesearch Task and the Advanced
Silicon Sheet Task are to identify the critical %echnical barriers to low-cost
silicon (Si) purification and sheet growth that must be overcome to produce a
photovoltaic (PV) cell substrate material at a price consistent with
Flat-Plate Solar Array Project (FSA) objectives, and then to overcome those
barriers by performing and supporting appropriate research and development.

Present solar—cell technology is based mainly on the ..8e of Si wafers
obtained by inner-diameter slicing of Czochralski (Cz)-grown ingots from
Siemens-reactor-produced semiconductor-grade Si. This method of obtaining
single—-crystal Si wafers is tailored to the needs of semiconductor-device
production (e.g., integrated circuits and discrete power and control devices
other than solar cells). The small market offered by present solar-cell users
does not justify industry's development of the high-volume Si production
techniques that would result in low-cost PV electrical energy.

It is important to develop alternative low-cost processes for producing
refined Si and sheet material suitable for long-life, high-efficiency solar PV
energy conversion. To meet FSA objectives, research must be performed to
overcome the barriers to the success of the most promising processee for
producing large quantities of pure Si and large areas of crystallized Si at a
low, competitive cost. The form of the refined Si must be suitable for use in
the sheet-growth processes. The sheet, in turn, must be suitable for dirert
incorporation into automated solar-array industry schemes.

Silicon purification involving deposition of the material fro. silane is
being pursued because this substance can be purified relatively easily and,
because of its high reactivity, it can be more readily decompcsed o7 reduced
to form Si than can trichlorosilane (TCS), which is used today in tue
conventional process. Research on two other processes that offer promise for
making less-pure, solar-cell-grade Si by refinement of metallurgical-grade Si
(mgSi) is also being conducted because of the potential for further reduction
of product cost.

Growth of crystalline Si material in a geometry that does not require
cutting to achieve proper thickness is an obvious way to eliminate costly
processing and material waste. Growth techniques such as edge-defined
film-fed growth (EFG), dendritic-web growth (web), low-angle Si sheet (LASS),
and edge-supported pulling (ESP) are candidates for such solar-cell material.

"



ot

FakY S

-

P

PR S
*‘\"{' ‘,\\ .\ e
. [T - 1

x X -t o = -
EN

MATERIALS AND DEVICES RESEARCH AREA
In addition to research on processes for Si refinement and sheet growth,

various supporting studies are under way to investigate key problems in both
of these categories.

SUMMARY OF PROCGRESS
Silicon Material Research Task

Semiconductor~Grade Silicon Refinement Process

Silicon Refinement Using Silane (Union Carbide Corp.)

The objective of the Union Carbide Corp. (UCC) program is to solve tiie
critical problem of silane pyrolysis in fluidized-bed reactors (FBRs) for
producing semiconductor-grade Si for PV applications. The principal activities
during the current period were the implementation of a high-purity liner in the
six-inch-diameter FBR to prevent contamination of the Si product by the metal
reactor wall. Test: were made using liners made of quartz and of polysilicon
*o obtain operational data and to produce samples for purity analysis. With
quartz liners, breakage occurred near the start of one test before silane was
introduced and in other tests during cool~down. Additional information on
tests with silicon liners is presented below, in the report titled '"Research
on Silane Pyrolysis in Fluidized-Bed Reactors' (JPL). The first test with a
polysilicon liner was conducted, using 10 to 15 mole % silane in hydrogen. It
was rur for 66 hours (the planned duration); the longest previous tezt in this
size FBR was 44 hours. The average Si production rate for the entire test was
about 0.9 kg/h. Although operation was otherwise successful, the liner broke
during cool-down after the test. The breakage was attributed to compression
by thc FBR wall due to differential contraction; the annular space between the
wall and the liner had filled with Si powder during the test because of failure
of a seal. Redesign is under way to correct the liner seal and support system.

In the 66-hour test, the seed particles, which had an average diameter
of 280 micrcmeters, were grown to about 480 micrometers.

Initial results from neutron activation analysis showed that the initial
seed material was not clean to the semiconductor purity level and that there
was no gross contamination introduced in the FBR processing step. However, the
question of purity of FBR product grown from clean seed remains to be answered.

Silicon Refinement Using Dicblorosilane (Hemlock Semiconductor Covp.)

In the study of the critical portions of a process for making Si
approaching semiconductor-grade in purity, the final report on the cold-wall
Si deposition reactor program was issuei. Highlights of the effort were
presented in Progress Report 22,

Solar-Cell-Grade Silicon Refinement Processes

.'(ir
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Electrochemical Refining of Metallurgical-Grade S.licon (Energy
Materials Corp.)

The objactive of this contract is to demcastrate the technical
feasibility of producing high-purity Si from metallurgical-grade Si ip a
process using a Cu3Si:Si anode in a fused-salt electrochemical cell.

A considerable purification of the metallurgical-grade Si in the anode
was found to occur during the formation of the anode. The extent of
purification was determined using mass spectrnscovy measurements. For
example, the Fe concentration was reduced from about 3400 ppm to 100 ppm, Cr
from about 300 to 2, Ti from about 400 to 2, and Al from about 2100 to 5. The
mechanism of purification for the volatile elements was probably primarily
vaporization. The non-volatile elements were apparently incorporated in a
slag that formed on top of the melt during the anode preparation.

Attempts to operate the electrolysis cell were unsuccessful due to

experimental problems. The contract ends on October 23, 1984.

Chemical Vapor Transport Process for Purifying Metallurgical-Grade Silicon
(Solar Energy Research Institute)

This research investigates a chemical vapor transport process in which
HCl is reacted with a Cu3Si:Si material (the Si being metallurgical-grade
Si) at about 709°C to generate (predcminantly) trichlorosilane, and then Si is
deposited by chemical vapor deposition from the trichlororilane on a filament
kept at 1050°C. The Cu-Si alloy it employed because it acts as a filter for
impurities, the diffusion rates for impurities being much lower than that for
Si. The characterization of the operating conditions for a larger reactor
with a deposition rate capability of about 10 g/h is nearly complete, and a
method was developed to fabricate the larger alloy plates. The refined Si
product was shown to yield solar cells with near-state-of-the-art conversion
efficiencies.

Silicon Refinement Process Supporting Studies

Silicon Particle Growth Research (California Institute of Technologz)

The objective of this research is to describe theoretically the growth
of Si particles from silane in a free-space reactor and to develop
experimentally the conditions for maximum particle growth. The initial
experiments in the new reactor system, which was constructed to allow
extension of the operating range and a more thorough study of aerosol
phenomena in the silane system, were designed to replicate the results
obtaired in the original apparatus; similar number concentrations and seed
aerosol characteristics were used. Nucleation control was a more difficult
problem in the new reactor than it was in the smaller reactor. A systematic
analysis of the conditions under which nucleation could be quenched provided
an e~pl.nation for the difficulty. The important feature obtained from plots
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of the particle size and number concentration is the presence of an extremely
narrow dividing line between the formation of new particles and :the growth of
the seed aerosol. The experimental difficulty in reproducing earlier results
was caused by the use of seed particles that were too small. Runaway
nucleation was avoided and the earlier results were duplicated by incressing
the seed particle size by 50X.

Theoretical calculations of the effecciveness factor for nucleation
quenching yielded a range for this factor for the prevention of runaway
nucleation; it is considerably larger than had heen expected. Nevertheless,
nucleation can be quenched at much lower number concentrations than the
traditional theoretical treatment of simultaneous nucleation and particle
growth indicates.

Since seed particle size is a very important parameter for the control
of nucleation, & two-stage seed gencrator was constructed to gain additional
control on nucleation. This modification enables a variation from 0.2 to 1.5
mi.crometers in the diameter of the seed particles entering the primary reactor
stage and allows number concentrations ranging from 103 to 106 particles
per cm3 to be achieved. The grown particles were found by X-ray diffraction
to be amorphous and rapidly to become crystalline when heated.

Aerodynamic particle traps were developed for the separation of large
particles from a gas stream with a minimum of contamination. High particle-
separation efficiencies were attained with a simple design. Collection
efficiencies exceeded 80% for particles with Stokes numbers greater than about
0.5.

The program will be extended through June 1985 to enable s more
extnansive theoretical effort to describe the aerosol growth phenomena for this
chemical system and additional experimental efforts to increase particle
growth.

Microwave Heating of Fluidized-sed-Reactor Bed (Superwave Technology Inc.)

A three-month study to investigate che fea: ibility of microwave heating
of a fluidized bed of Si particles about 300 m in diameter under nonreactive
steady~-state conditicns was completed by Superwave Technology Inc. and the
Firal Technical Report was issued. The study was conducted to improve further
the JPL and UCC designs for fluidized-bed reactors by providing direct heating
of Si particles, and the feasibility of the scheme was shown. The following
conclusions were reached: The fluidized bed of Si particles (about
300 m dia) can be easily heated to 800°C under a non-reactive environment.
Under steady state, the axial temperature variation is approximately +5°C.

The maintainability of the bed temperature was demonstrated for a duration of
30 minutes after steady state was achicved. At 800°C bed temperature and 60
standard liters per minute of nitrogen flow, the power consumption is 2 kW.

As far as applicability of the scheme to a reactive sysiem is concerned,
the only concern is whether the microwave energy would couple with silane and
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cause formation of excessive amounts of Si fines. The properties of silane
preclude the likelihood of such fines formation.

Research on Silane Pyrolysis in Fluidized-Bed Reactors (JPL)

JPL is conducting FBR research with the objective of characterizing the
deposition of Si from silane and providing information upon which significant
improvcments in this process can be based. Work continued to establish the
process and basic mechanism for Si deposition in an FBR during silane
pyrolysis.

The work concentrated on achieving a major advance in product purity by
incorporating a quartz liner in the FBR, thereby preventing contamination by
the metal wall material that has been found to occur. Fabrication of the
support and seal for the liner was completed, and the liner system was
installed and successfully tested. First, a preliminary purity run of 4-h
duration with 30 mole ¥ silane in hydrogen was conducted. Initial results of
analysis of product samples by emission spectroscopy indicated that metal
impurity levels were below detection limits {e.g., iron below 20 ppmw, chromium
below 10 ppmw, and nickel below 8 ppmw). A high-silane-concentration run with
50 mole ¥ silane was successfully made for 3 h, proving the mechanical
integrity of the quartz-liner approach. Future emphasis will be placed on
determination of product purity by neutron activation analysis and other
seusitive elemental determinations.

Fabrication of a prototype polyethylene-lined fluid jet mill for making
FBR Si seed material was cocrpleted. Initial data were cbtained on operating
parameters such as jet velocity, particle feed rate, and length of the impact
chamber. Purchased Si particles of 4~ to l2-mm-diameter range were used to
feed the jet mill, and product was used as seed material for the FBR.

A paper tit’a2d "Fluidized-Bed Silicon Deposition" was presented at the
17th IEEE PV Specialist Conference, Florida, May 1-4, 1984. In this paper,
the grown particles were shown to be crystalline and to have a structure that
has been interpreted to indicate growth by chemical vapor deposition as well .
as by the scavenging of Si clusters on seed particle surfaces. Y

Modeling of Silame Pyrolysis in Fluidized-Bed Reactors (Washington University
at St. Louis)

The objective of this effort is to develop a comprehensive model for the
preparation of i by silane pyrolysis in fluidized-bed reactors. The model
will be useful for the interpretation of experimental data, for the determina-
tion of the ranges of operating parameters for maximum throughput and yicld, and
for providing a basis for the design of scaled-up reactors for pilot plants.

After reviews of the homogeneous and heterogeneous paths for silane
pyrolysis and of fluidized-bed technology, fluidized-bed model equations and
the rate forms for the kinetics of silane pyrolysis were derived. A
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simplified model for the process was developed assuming the reactor to be
completely mixed; this wndel is directly applicable when the bed is
rarticulately fluidized and can be useful to calculate the beginning of fine
particle formation. The model was solved for batch and continuous feed

modes. A computer program was developed for this model for the case of only &

heterogeneous reaction occurring. Detailed equations based on popu:lation

balance models were developed to predict particle size distribution when both

homogeneous and heterogeneous reactions occur.

A backmixed model was used to simulatc experimentzl data for the JPL

fluidized-bed reactor. The model withuut an adjustable parameter was found to

match the data at silane concentrations below 20%. The JPL data were

predicted by a model involving a simplified treatment of nucleation that also
included one undetermined parameter. The region of high silane concentrations

is now being studied.

SUMMARY OF PROGRESS
Advanced Silicon Sheet Task

Shaped-Sheet Technology

Edge-Defined Film-Fed Growth (Mobil Solar Energy Corp.)

The primary goal of this program is to develop a model for obtaining
temperature-field-residual stress relationshi»s appiicable to Si ribbon growth
at high speeds and tc apply this model subsequently to a growth system that
has been modified and improved to produce low-stress ribbon at high speeds.

Attempts to verify aspects of the stress &nd temperature field modeling
with the 10-cm cartridge system met with limited success. Due to the
complexity of the growth interface environment, it has not been possible to
use the fiber-optics sensor. The cartridge system has lacked flexibility to
allow imposition of changes in growth conditions and system temperature fields
in a known and controllable manner in order to study temperature field-stress
relationships at a quantitative level.

A new EFG low-stresas growth system without cold shoes that hes the
flexibility for testing of the stress anaiysis model was constructed.
Preliminary analysis of this new system showed that the stresses predicted had
a similar trend when compared to the cartridge system. The temperature
gradient at the growth interface was clearly identified as a major control
parameter to achieve reduced stress. ~Further model studies will continue to
evaluate the role and sensitivity of other parameters and the effects of high
and low temperatures on stress. Attempts to grow 5-cm-wide ribbon in this new
EFG system (in Furnace 17) were successful. A number of changes have been
made from the cartridge mode of growth to simplify the thermal environment of
the sheet above the growth interface. This allows more straightforward
thermal and stress analysis to be performed and also gives flexihility to
change the post-solidification cooling profile through adjustments of
insulation. The main problems to overcome in the initial trials were:
establishment of a means of balancing ribbon-edge temperature gradients, and
of a technique to ramp the main zone fo compensate for latent-heat generation
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wvhile the growth speed was being attained. The former was accomplished by
installation of movable radiation, or "tilt," sh¢lds at die-top level. The
ramping of the main zone to establish growth was found to be manageable. The
transients are much slower than those customarily found in the cartridge
system, but accommodation can be made easily by adjusting the ramp rate. This
is done manually at present. Initial growth of S-cm-wide ribbon at speeds of
0.7 to 1.0 cm/min has produced material with a very low dislocation density.
Evidence of Lueders strain, which produces bands with dislocation densities of
up to 5 x 10°/cm2, is still found. Model results for this system were
obtained co relate the growth and system design parameters to sheet gtress.

Creep studies in FZ and Cz Si at high temperatures have establis.ed that
Si gheet above 1200°C responds as an essentially plastic material at the
stresses and strain rates expected durir growth. This creep information is
b2ing incorporated into the stress analysis to obtain new predictions for
residual stress buildup in the EFG test system, using a temperature-independent
creep rate at high temperatures and strain rate proportional to the 10th power
of stre :,

A task to characterize the electrical activity ¢ stress-induced
dislocations was started. Both room-temperature and low-tem~erature EBIC will
be used to delineate the contribution of dislocation electrical activity to
overall material quality limitaticns. Preliminary work is being carried out
on deliberately stressed and dislocated FZ and Cz Si to attempt to quantify
the measurements. Comparison of dislocation accivi’y of this material and 3i
sheet with grown-in dislocations is also under way. The program will
additionally study Si material property changes produced by increasing boron
doping levels, which are shown to produce a greater deterioration in cell
efficiency in the wore highly defective sheet grown for terrestrial
photovoltaic applications than in the best FZ Si available.

Through a contract extension currently being negotiated, during FY85,
theoretical and experimental studies on thermally induced stress in EFG Si
will be continued. In addition, correlation of defects produced by strees and
their electrical activity and the influence of dopant concentration or Jefect
structure will be undertaken.

Dendritic-Web Ribbon Growth (Westinghouse Ele: tric Corp.)

A three-year program at Westinghouse for development of Si dendritic-web
crystal growth and high-efficiency solar cells made from this material was
started early in CY84. The purpose is to improve this technology and
demonstrate capabilities that are consistent with utility requirewents. The
program is being supported jointly by DOE through both FSA &nd the Solar
Energy Research Institute, and by Westinghouse, the Southern California Edisca
Co., the Electric Power Research Institute, and the Pacific Gas and Electric
Co. The end-of~CY84 ribbon-growth goals of this augnented prograw are to
demonstrate an area growth rate of at least 10 cm?/min simultaneously with
growing ribbon iengths of 10 meters or more, under conditions uf continuous
melt replenishment (constant melt level) on a routine basis.
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Early in 1984 the four furnaces that have been involved in the
dendritic—web research program were moved from Westinghouse's R&D Laboratory,
Pittsburgh, to their Advanced Energy Systems Division facility at Large,
Penngsylvania, where most of the augmented program is being conducted and where
Westinghouse's pre-pilot line of web growth and cell-processing demonstration,
funded by prior agreements with Pacific Gas and Electric Co. and Southern
California Edison Co., is located. The four furnaces that were moved are
housed in a room called the Web Growth Development Laboratory, where they have
been provided with individual power supplies, allowing each to be operated
independently.

Late in March a ribbon was grown for eight and one half hours with
continuous melt replenishment, producing a single piece of single-crystal
ribbon a little more than $ meters in length. This was by far the longest
growth period to date with continuous melt replenishment (the longest previous
one was about three hours). Since long-duration growth under coaditions of
constant melt level is a prerequisite for attaining the program goals, this
test constituted a significant step. In the same period, another test was
made in thich a 9.6-meter-lorg ribbon was grown, the longest dendritic-web
ribbon :ver produced. The growth time was 13 1/2 hours, and melt
replenishment was not employed. The ribbon was grown using a J435 growth
configuration, which has been well characterized but which tends to produce
material with higher stress than later configurations, such as the J460, and
data indicate a stress build-up with time. The ribbon was the longest of four
that were grown over a short period, each being at least 9 meters long. The
week of June 25 to 29 was the first week ir which ribbon growth in the Web
Growth Development Laboratory was restricted t> the J460L configuration (a
high-performance design with width limiting set to produce 4-cm~wide ribbon)
rather than the J435 configuration. Usirg the J460L, a 6-meter-long ribbon
was grown with melt replenishment, this Leing about as long as the longest
ribbon that had previously been grown using melt replenishment. An initial
check was made at the center of the new ribbon at the 3-meter point, and it
was found that t..ere was essentially no residual stress present, confirming
the good performance of the J460L design.

4 review of the dynamic furnace eiement program was held in May. In
this effort, web growth configurations having capability for dynamic
positioning (i.e., movement during growth) of thermal elements were studied.
Such a scheme can allow these thermal elements to be positioned iritially to
provide proper starting conditions and then enables positioning during growth
to optimize steady-state growth. The conclugions from the review were that
dynamic control can be most efrectively applied if it affects the first 1 or
2 cm above the melt; no part of the upper stack warrants control; LIN (the
vertical distance from the growth front to the bottom of the susceptor 1id) is
the most appropriate paraaeter to contvol; and no dynamic parameter, other
than LIN, that can lead to ir rovements has been identified. Westinghouse
rejected the concept of dynamic width-limiting as unnecesgary.

In testing on the pre-p ‘ot line in 1983, it had been found that during
a growth run the vertical sides of the crucible can collapse inward,
interfering with proper thermal controli and crysta. growth. As part of the
augmented program, hardware was designed and constructed in which the
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crucibles have walls that are sloped outward and that lie on sloping surfaces
nf the susceptor. Testing of these sloped-wall crucibles was initiated and,
from the start, they gave excellent ribbon growth. The melt was extremely
stable, and exceptionally smooth dendrites were grown. All four furnaces in
the Web Growth Development Laboratory have now been furnished with rectangular
crucibles having sloped walls. These new systems have larger melt-
replenishment regions and more precisely built heating coils, factors that
also will contribute to better thermal control.

Tests were conducted in which thermocouples were used to measure the
temperature of the molten Si in crucibles having single and double barriers
that thermally isolate the melt replenisament region from the growth region.
The results indicated that the new double-barrier configuration has about four
times the thermal impedance of the old, single~barrier design.

Testing was begun on a long version of the J460 growth configuration (a
high-performance design that is being heavily used in the program). Thia new
version, designated the J460LS, is designed to limit the ribbon width to about
5 cm, compared with the 4-cm width of the J460L system. Results were good;
the best crystal was 5.5 m long and 5.1 cm wide, with cortinuous melt
replenishment used for the entire run. However, the ribbon was grown at a
relatively slow rate (1.3 to 1.5 cm/min) and wes quite thick (about 200
microwetars), because the heating coil could not be optimally positioned.

A study was initiated to investigate the feasibility of using a
non-contact procedure for monitoring dendrite thickness, to aid the operator
during the web growth process. The systems being investigated must have
closed-loop feedback capability for automated control.

The FSA contract that has been funding the web growth research program
was extended in April, with the major technical goal being the demonstration
of a quasi-steady-state (defined as ribbon lengths in the order of 30 to
100 cm) area growth rate of 20 cm?/min or more; the maximum quasi-steady-
state growth rate achieved to date is 13 cmZ/min. A new contract, which
will provide the remaining FSA portion of the first year's funding for the
ribbon growth work of the augmented program, was started in mid-September.

Low-Angle Silicon Sheet (Energy Materials Corp.)

A positive-pressure clean-room facility was constructed, and a new
furnace designed for high-quality Si ribbon growth was put into operation.
There are now two furnaces being used on the program. The major emphasis thus
far has been in achieving a controlled melt circuiation to suppress the
natural convection in the melt, and in providing a reliable temperature
profile close to the solid-liquid interface. Microstructural and electrical
characterizations were carried out on the grown material. Minority carrier
diffusion lengths (Lp) were measured as a function of depth through the
ribbon. These results indicate that Ly decreases in value from the top
surface to the bottom of the ribbon. Reasons for this Lp gradient are still
being investigated. Annealing studies aimed at improving Lp have not yet
advanced far enough to allow any conclusions to be drawn.
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Silicon Sheet Supporting Studies

Modification of Silicon Surface Prop-:ties by Fluid Absorption (University of
Illinois at Chicago)

A report covering the results of the research effort from June 1981
through December 1983 was published. A follow-on effort was started. It has
been emphasizing the Si surface property modification by various fluids that
may be compatible for high-temperature and high-speed processing, and the
measurement of residual stress in Si sheet by laser interferometery.

In previous indentation tests on Si in the presence oI various sodium
salts having different anions, of the salts tested Nal had the greatest effect
in increasing identarion damage and therefore would have the greatest effect
in increasing abrasive wear.

During the present reporting period, indentation tests of {11i} p-type
silicon in 1073 molar Nal solution were made. The indentation-tested Si
sauples were then annealed at 1373K for two hours. The indentation rosette
lengths were measured as a function of indentation load. The results verified
that dislocations were generated during room-temp:rature indentations and that
the dislocation mobility may be obtained from subsequent annealing of indents.
These data are being extended to encompass other concentrations of Nal.

An effort on measuring residual stress in Si sheet using laser
interferometery was made in Mobil nonagon silicon ribbon and Westinghouse
dendritic web Si ribbon. The date show that the centers of the sheets have
tensile residual stress while the edges have compressive residual stresses.
The measured maximum residual stresses for web ranged from 0.4 to 2.5
megapascals (MPa) while those for Mobil nonagon material were 5.0 to 9.0 MPa.
Based on these data, web sheet appears to have significantly lower residual
stresses than the Mobil nonagon sheet.

Analysis of Stress/Strain Relationships (University of Kentucky)

The University of Kentucky continued to develop stress/strain models for
Si sheet growth processes and evaluate the relationship between Si growth
structure and stress/strain. A major report titled "Viscoplastic
Stress/Strain Model" (for Si ribbon) was delivered. The report describes the
use of a model that handles plasticity, creep, and dislocation generation in
Si as a function of strain rate, initial dislocation density, and oxygen
concentration. This model is based on the work ¢f Sumino and Yonenaga of
Japan for Czochralski Si, but it has been modified to handle Si sheet
products. Stress/strain plots were generated for Si material near its melting
point.

Elastic stress and buckling analyses using constant material properties
were completed. In these analyses, the critical (i.e., for onset of buckling)
thickness versus Si sheet width were compared for four thermal pro ile.. The
analytical results are reasonable consistent with experimental observation.
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MATERIALS AND DEVICES RESEARCH AREA

Work began in calculating the pre-buckled in-plane stresses for the
plastic range of Si sheet material as a function of position along the length
of the ribbon. When numerically convergent solutions are obtained, it was
found that the plastic stresses do not change much from :he elastic ones.
These convergent analyses partly reflect the use of a ver: low (1073 to 1
dislocation per square ce.timeter) assumed dislocation density at the melt
interface. Also, depending on the temperature profile, Oyy stresses and
axial o,, stresses at the outer edge of the ribbon can be relatively large.

Work on a plastic buckling model started. Also, plans were developed

for a high-temperature tensile-test-type program to determine experimentally
the mechanical properties of Si near its melting point.

Solid/Liquid Interface Studies (Solar Energy Research Institute)

The work on investigating the stability and shape of the solid/liquid
interface of high-speed-grown Si was drawn to a conclusion with the
characterization of the material grown. Several ribbons that were grown by a
crucible~free horizontal sheet technique were processed into solar cells
resulting in efficiencies comparable to those of the Cz controls. These cells i
were obtained from the large-grained areas of the sheet. The crucible-free
growth process resulted in a patent being issued for the technique.

In addition to the horizontally grown ribbon, material pulled by the ESP
method from a cold crucible was also investigated. Again, the solar cells
made from the large-grained regions of the ribbon had efficiencies eqal to
those of the Cz controls.

Analysis of High-Speed Growth of Silicon Sheets in Inclined-Meniscus
Configurations (Massachusetts Institute of Techmology)

This program started on June 20 as a two-year effor%. The purpese is to \
study theoretically the factors that influence the quality of Si ribboa sheets ;
grown in inclined-meniscus cornfigurations. The finite-element program for the *
idealized inclined-growth system was completed. Calculations of unstable ¥
microscopic interface morphologies have reached the point where the prediction ‘
of cellular structures caused by constitutional undercooling is practicable.

Optimization of Silicon Crystals for nigh-Efficiency Silicon Solar Cells
(Solar Energy Research Institute)

A new effort aimed at studying the influences of the float~zoning
crystal growth parameters on the minority carrier diffusion length was begun.
The objective of this research is toc obtain long-lifetime single crystals for
high-efficiency solar cells using heavily doped material (0.1 to 0.5 {~cm),
and to understand and reduce the limitation to achieving the long lifetimes.
Toward this end, a furnace was modified to grow float-zone crystals.
Gallium-doped ingots of 0.1 and 5.0 {l~cm resistivity were grown.
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MATERIALS AND DEVICES RESEARCH AREA

Characterization ~f the waterial inclua~d spreading resistance, Hall mobility,
and X-ray topograshy iuvestigations. The lifetime measurements used to
evaluate the material, photoconductive decay (PCD) techriques and a 1eflected
microwave PCD method, are still under development at SERI.

Materials Properties Modification (JPL)

A high-tempe.ature inert-gas tensile testing furnace and fixtures were
ordered and received from Centorr Inc. This furnace was integrated into
existing closed-loop hydraulic mechanical test equipment that is already in
place in the Materials Test Laboratory at JPL. The furnace and mechanical
test equipment will facilitate elevated-temperature testing of Si sheet
material to determine tensile and y? -l1d strength, elastic modulus, and plastic
creep behavior from 1000°C to 1400°C.

High-temperature Si sheet sample and grip designs as well as sample
preparation techniques were investigated for the high-temperature test
program. Reduced-cross-section Si test samples are being prepared from Si
Czochralski and dendritic-web ribbon materials by a microgrit-blast
technique. The extent of edge damage and need Zor additional or different
sample preparation steps will be investigated. Also, ceramic-based adhesives
were procured and will be evaluated with regara to sample grip requirements.
Graphite tapered-lock grips were fabricated for initial sample tests.

Effort was continued on the evaluation of fracture properties and crack
propagation in Si. An accustic emission technique was used to monitor crack
propagation in a single-crystal $i wafer loaded by the double-torsion method.
Acoustic emissiun was demonstrated to be a useful tool to monitor the location
of the crack anu crack growth velocity in Si sheet. The test results indicate
that the acoustic events occurred only at the critical stress intensity
factor. This result suggests that Si does not undergo subcritical crack
growth. A paper title "Acoustic Emission Monitoring Crack Propagation in
Single Crystal Silicon" was presented by C. P. Chen (JPL) and S. Hsu
(Dunegan Corp.) at a conference, Review of Progress in Quantitative
Nondestructive Evaluation, held at the University of California, San Diego,
July 8 to 13, 1984.

Two separate, complementary stress/strain modeling activities for Si
ribbon were initiated in-house. One is a quasi-static approach using a“
NASTRAN computer code. The other is an in-process growth modeling program
utilizing an ANSYS computer code. Parametric studies are possible in both of
these models. Investigation into stress, buckling, material non-linearity,
creep, and crystal imperfections were started or are planned. For example,
residual stress contours were generated for web ribbon in which stress history
was congsidered. Preliminary realistic-appearing residual stress values were
predicted, ranging from approximately 1000 1b/in.2 temsion to 1000 1b/in.2
compression.
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Device Research Task
INTRODUCTION

The objective of this task is to identify and implement research and
development activities in the photovoltaic device and measurements area to
meet the near-term and long—term objectives of FSA, Task activities encompass
research in device physics, device structure, material-device property
interaction, and measurement techniques for physical, chemical and electrical
evaluation of devices and materials.

Technical Approach, Organization and Coordination

To meet FSA objectives, efforts are now directed toward characterization
of various silicon-sheet materials, material-device property interaction
investigation, and measurement techniques. The program of the Task is
structured accordingly.

The program of the Task also iacludes JPL in-house activities to conduct

bagic research in material and device characterization to support contractor
needs and other Tasks of the l'aterials and Devices Area.

SUMMARY OF PROGRESS

University of Washington Joir: Center for Graduate Studies

The objective of this work is to investigate the fabricatinn and
operation of inversion-layer solar cells and to measure carrier lifetimes in
those cells. Experiments to determine the effects of various RF power levels
on surface-state densities, the effects of temperature of deposition, and the
effects of surface passivation on surface-state densities have been completed.

Studies of SiN,-Si interfaca properties have been conducted for SiN,
filws grown on silicon for a range of film-growth conditions. Fiims were
grown on silicon wa’ers having (100) orientation and resistivity of 2 ohm-cm.
Two basic cleaning procedures were used: RCA cleaning procedure and an
abbreviated process that omits the RCA peroxide steps. Substrates either had
a native oxide or a thin oxide film (20 A) formed by heat treating the wafer
at 500°C for 20 minutes in oxygen. Surfaces were either nitrided or not
nitrided. Nitridation involves exposing a surface to a RF plasma and ammonia
using 15 W RF power, 70 sccm NH3 flow, and 270°C platen temperature.

Thus, six initial surface conditions are defined by the varicus combinations
of twc chemical cleaning steps (RCA or abbreviated), two oxide films (native
or 20 A), and whether nitrided or not.

After surface preparation, SiN, filus were deposited with an RF power
of either 13 W or 75 W, and with the platen temperature at 150°C or
270°C. Aftev deposition of the films, aluminum gates were deposited on a
region of the substrate and the surface density obtained using high frequency
C~V measurements. Effects of heat treatmen” were studied by annealing the
films and denositing additional gates on another region of the substrate, and
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MATERIALS AND DEVICES RESEARCH AREA

then conducting C-V measurements. Some key results odtained frem this study
aret (1) SiN; film deposition at low RF power (0.025 W/cm?) leads to

lower surface state densities; (2) deposition a* 270° is preferable for low
surface-state densit’es; and (3) nitriding the silicon surface before Si-k
deposition results in low surface-state densities.

Some cells without AR coatings were provided by JPL for deposition of
SiNy,. Measurements made on the cells after the SiN, deposition indicate
that the SiN, layer has little effect on the surface recombination velocity
of these cells. Efforts to utilize the Rosier method for determining the
surface recombination velocity on completed n-p cells have also been initiated.

University of Southern California

The objective of this work is to develop a new laser measurement
technique for studying deep-level traps and material defects in silicon.
Results already obtained from this work clearly indicate that deep-level
states can be measured using a one-micrometer-wavelength laser and a cryogenic
calorimeter.

In the period since the last PIM, work has fallen into three
categories: (1) development and testing of the cryogenic calorimeter,
(2) optical absorption measurements on silicon carried out by means of laser
calorimetric spectroscopy to determine the capability of the method for
studying deep-level impurities, and (3) theoretical consideratioas of optical
absorption techniques.

Operation of the calorimeter at liquid nitrogen temperatures was
demonstrated. Measurements of the absolute accuracy of the apparatus were
carried out, and it was determined that the principal limitation on its
accuracy was uncertainty in the sample specific heat (which varies with
temperature and free carrier concentration). A method for measuring the
sample heat capacity by electrical heating was developed.

Optical measurements using 1.9 um-wavelength lighu derived by
coherent-Raman shifting of 1.06 pum-wavelength light from a Q-switched Nd:YAG
laser were carried out. It was determined that band-to-band two-photon
absorption dominated the signal. Consequently, the high intensity of the
light derived from Q-switched lasers adds undesirable complications to the
data analysis. This means that CW sources such as color-center lasers or
incandescent lamps are preferable for spectroscopic studies of deep levels.

C.T. Sah Associates

The objective of this work is to determine the relationships of material
properties in producing high-efficiency silicon solar cz211s.

Accurate measurements of the capture and emission rates of electrons and
“oles at one- or two-level recombination centers have been accomplished in
one silicon p-n junction diode. The residual vecombination levels are
limiting the efficiency of high efficiency solar cells to values several
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percentage points below the intrinsic (Auger and radiative) recombination-
limited ultimate efficiency. A new method using minority carrier injection by
forward biasing the p-n junction has heen implemented. Detailed measurements
have been completed and reported. The report describes the possihility of
residual metallic recombination centers from titanium, zinc and gold which
could be introduced either during crystal growth or subsequent high-
temperature fabrication of the cells. Other possible residual impurities,
defects, impurity-defect and defect-defect complexes, which me:r he
recombination sites for the photogenerated electrons and holes, are being
systematically measured.

Research Triangle Insiitute

The objective of this work is to develop a comprehensive silicon solar
cell computer model. The first phase of programming has been completed and
shows good agreement between the computer data and experimental data.

Coding of *“e simulation program has been completed, including the main
program and a couprehensive set of phenomena submodels. All portions of the
program have been debugged and the simulation results checked by hand
calculations. Input parameters have been assigned several values, within
their allowable or typical ranges, and simulat’on results checked for
reasonableness. ZJimulation accuracy has also been investigated using
expcrimental 10%. Initial studies show that the agreement between simulation
and experimental data is significantly better than 5%.

The usefulness of the simulation program has been demonstrated in those
cases where the cell's manufacturer is uncertain of the values of the material i
properties. Application of the program reveals the values of the parameters, i
separately or in combinaticn, that result in agreement with the cell's |
electrical terminal or other device characterization parameters. For example,
it can be shown for an n-type diffused or ion-implanted emitter region that
Auger recombination is the dominant process. This result is obtained because
the SRH process gives a collection efficiency of greater than 95%, whereas the
experimental value is approximately 60%. This requires a lifetime value lower
by 1073 to overcome the strong aiding electrical field in this region. E
Auger recombination is the more reasonable process to represent lifetime S}
values (i.e., <10710 gec.) required for these cases.

University of Florida

The objective of this work is to study effects of surface parameters on
the performance of silicon solar cells and identify any allied properties that
might affect performance. Initial work included an extensive literature
search, which has been completed. The conclusion drawn from the search was
that some of the Auger recombination measurement methods (Possin, Weaver,
Swanson) have not taken the effects of doping dradient fields into account.

It was further concluded that photoluminescence is, by far, the only
method likely to succeed in giving meaningful results from Auger lifetimes.
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Cornell University

The objective of this work is to investigate the physical structure and
the chemical nature of defects in silicon sheet material. The study of
precipitates has been the primary means of investigation, inasmuch as solar
cell efficiency depends on junction perfection, which in turn is affected by
the number of precipitates, information from these studies is expected to lead
to a better understanding ot the interaction between phosphorus and carhon
4iffusion in silicon.

A study of the defect structure of high-carbon Cz material is under

way. This studv will try to separate structural effects from chemical effects.

In Cz material with high carbon content, the junction region showed a
high defect density. The spatial distribution of precipitation was uniform.
The size distribution showed a peak at 400 A and tailed out at 1600 A as
observed from analysis of 252 precipitates. FTIR meagsurements of oxygen
concentration F.ve been conducted and SIMS measurements and creep tests are
planned in the near future.

Applied Solar Energy Corporation

This new contract will investigate solar proczssing techniques needed to
produce high-efficiency solar cell structures. Work is currently directed at
producing a high-efficiency cell structure proposed by C. T. Sah Associates.

State University of New York at Albany

The objective of this new contract is to study oxygen-related and
carbon-related defects in silicon sola. cells.

An extensive literature search on oxygen behavior in silicon has been

performed. A study nf the formation kinetics of oxygen precipitates in
silicon is under way.

JPL (In House)

In the past, JPL had developed an electron-beam-induced current (EBIC)
technique to measure recombination velocity at the back surface(s) of cells.
Currently, JPL is performing a feasibility study of developing an EBIC method
that will be capable of measuring recombination parameters in the front
layer. The approach is to measure short-circuit current induced by electron
beam as a function of electron energy (1-~10 keV) and then to analyze the data
with the aid of a sophisticated solar-cell simulation program, Solar-Cell
Analysis Program in One Dimension (SCAPID).

Oxidization of the front silicon surface of the cell has been
demonstrated to be an effective approach for reducing surface recombination
velocity. The recombination is mair y due to the existence of localized
states at the oxide-silicon interface. JPL has established a capability of
measuring the density of states at the interface using C-V measurements. The
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preliminary result indicates that the density of states at the interface with
the oxide grown by the existing process on p-type substrate is about

5 x 1011/cm?2 eV, An effort to optimize the oxidation process for the

front surface passivation is in progress.

The minority carrier diffusion length measuring system in the Devices
and Materials Characterization Laboratory has been upgraded to include the
cap2bility of measuring spectral respons2.

A typical high-efficiency silicon solar-cell design reported in the
literature is considered for performing sensitivity analyses with respect to
various design parameters using Solar-Cell Efficiency Estimation Methodology
and Analysis (SEEMA) scheme.

SEEMA uses SCAP1D (developed by Professor Richard Schwartz of Purdue
University) for evaluating the performance of a solar cell of a given design.
SEEMA also uses SUPREM-II (Stanford University Process Engineering Models) for
obtaining the impurity profile data, given the diffusion process control
parameters such as temperature and time. The impurity p-ofile data supplied
by SUPREM-II is used as input to SCAPID as one of the doping profile options.

Sensitivity analysis is performed with respect to the folloing
parameters: (1) various doping profiles such as complementary error function,
step, profile generated by SUPREM-II; (2) front-surface concentration;

(3) junction depth, and (4, surface recombination velocity at the front
surface.

Solar-cell parameters such as short-circuit current, open-circuit

voltage and efficiency predicted by the simulation model are in close
agreement with the experimental results of the cell considered.
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INTRODUCTION

The objective of the Project Analysis and Integration Area (PA&I) is to
support the planning, analysis, integration, and decision-making activities of
FSA. Accordingly, PA&I supports Lhe Project by developing and documenting
Project plans based, in part, on the technical and economic assessments
performed by PAé1 of the various technical options. Goals for module
technical performance and costs, derived from National Photovoltaics Program
goals, are established by PA&T for each of the major technical activities in
Lhe Project. Assessments of progress toward achievemenlL of goals are made to
guide decision-making within the Project.

SUMMARY OF PROGRESS

Flat-Plate Module Efficiency versus Cost Tradeoffs

This study was presented during the plenary session of the ?IM. The
viewgraphs are reproduced in ihe Proceedings.

The scudy objective was to use the five-year Research Plan energy cost
methodology 2nd to make an in-depth analysis based on the extensive data that

are relevanc to PV gsystems to facilitate the accomplishment of the 0.15/kWh
energy cost goal.

Studies such as this are used by FSA management to formulate allccation
guidelines that are used to monitor the accomplishment of the cost-reduction
and efficiency-increase goals. These allocationc are research targets (not
projections) that appear to be achievable.

Analysis of a Float-Zone Manufacturing Sequence

Float-zone material has been investigated as an option for high-
efficiency cells. The Standard Assembly-Line Manufacturing Industry
Simulation (SAMIS) computer model has been used to compare PV module
manufacturing based on float-zone crystal growth with a similar manufacturing
sequence based on Czochralski crystal growth. The SAMIS computer runs
indicate an economic advantage to float-zone growth even if the subsequent
cells produced have an efficiency equivalent to Czochralski cells. if
float-zone cells have higher efficiencies than Czochralski cells, the economic
advantage of float-zone appears to be quite substantial, given further
development of float-zone crystal growth techniques. Float-zone crystal
growth is of renewed interest since the PV Program emphasis on high efficiency
emerged. Most of the laboratory experimental high-efficiency cells have been
made from float-zone material.

PRECEDING PAGE BLANK NOT Fnmep
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Microcomputer Implementation of SAMIS

Cne of the principal impediments to widespread use of FSA-developed
models has been the cumbersome procedures required to run them on time-sharing
mainframe computers. Microcomputers have now developed so far that these
models can be transferred to them from mainframes with very little loss in
model scope. To permit access by industry to the Solar Array Manufacturing
Induetry Costing Standards (SAMICS) model developed by FSA, it is currently
being implemented on a microcomputer. As part of thr effort to implement
SAMICS, IPEG has been converted as a test case. IPEG can now be runm on an IRM
PC-XT and will soon be available through the Computer Software Management
Information Center (COSMIC).

Metallization Cost Analysis

The metallization cost analysis is being updated. A review and update
of the original data is near completion and the analysis is being expanded Lo
include reliability as part of a performance ratio.

Allocation Guidelines

The updated Allocation Guidelines for flat-plate PV modules have been
completed. Baseline allocations are 15% effxcxency at standard test
conditions (STC) for modules costing $90/m2, equivalent to $0.15/kWh given
2400 kWh/m2 *yr insolation for a one-axxs tracking option. Alternative
insolation levels of 2700 kwh/m? *yr and 2250 kWh/mz'yr have been used to
derive allocation guidelines that are otherwise identical with the baseline ’
allocations. An insolation level of 2700 kWh/m2:yr is typical, for example,
of areas such as Southern California, Arizona, New Mexico and Nevada.
Florida, on the oth:r hand, would be most representative of the
2250 kWh/m2°yr insolation level. Each set of allocations is parametric with
efficiency. It appears that the efficiency/cost goals established by the PV
Program for flat~plate modules are technically feasible.

Photovoltaic Systems Sensitivity Analyeis

The PV system sensitivity analysis has been expanded to incorporate new
sets of basellne parameters. In particular, baseline insolation levels of
2000 kWh/m *yr and 1850 kV ./m2 *yr have been used to extend the results of
the 2250 kWh/m2°yr analysis. Additionally, the choice of an appropriate
indirect cost multiplier is being investigated. Analysis of marketing and
distribution costs, taxes, and interest during construction have been
completed; however, information is required to access contingency, engi-
neering, and owner's cost markups and their contribution to the indirect
multiplier.

Photovoltaic Energy Payback

In a Science Magazine article, R. Kaufman of Complex Systems Research
Center, University of New Hampshire, compares PV with other energy options.
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Kaufman reports & ratio of energy produced to energy consumed of about 10
which, assuming a 30-year lifetime, gives an eneigy payback time of =z PV
system today of about three years. This veflects actual progress in silicon
purification, encapsulants, system design, and mondule efficiency. lnformation

regarding PV energy payback times had been sent to Kaufman by PA&I before
publication.

Inflation Values

Current values for inflation for the years 1975 to 1984 have been
distributed within the PV Program. Inflation from January 1982 to
January 1984 was only 8%. Thi. is an average -nnual rate ot about 4% and
represents a sigrificant decline from earlier ,ears.
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INTRODUCTION

The objective of the Frocess Development Area is, by conducting research
in appropriate critical technology areas, to improve high-efficiency PV-cell
and module formation. Process research is grouped into three areas for
convenience of reporting: junction formation, metallization and
directed-energy technology.

SUMMARY OF PROGRESS

Process research efforts have shifted from surface preparation
techuiques to directed-energy technologies. Various laser and microwave
investigations have been started. Some early results are encouraging.

A spectrophotometer huas been obtained and installed tv assist in film
deposition measurement.

Seven papers, one new technology report and one patent application were
submitted during this reporting period.

JUNCTION FORMATION

Westinghouse Electric Corp., Advanced Energy Systems Diviaion, has not
been able to overcome the cross-contamination problem during simultancous
front and back diffusion of polymer dopants. Other junction formation
techniques such as laser drive-in are being explored as alternatives.

Spire Corp., has achieved good cell efficiencies by laser-apnealing
ion-implanted cells. Both polished and texture etched cells are being studiel
wicth non-AR-costed efficiencies of '0.5% (polished) and 122 to 13X (textured)
bring reported.

METALLIZATION

Purdue University has improved adhesion of silver deposited from silver
neodecancate by changing to a bLenzene solvent with higher vapor pressure.
Furnace profile changes also helped. Addition of other metallo-orgamic -
compounds is being considered.

Spectrolab Division of Hughes Aircraft Corp. has completed its study of
the molybdenum-tin thick-film ink system. Good adhesion was obtained but an
overprint of silver was needed to ensure good solderability.

An ion cluster beam (ICB) deposition system has heen demonstrated with
application ot silver to beth silicon and gallium arsenide surfaces.

Investigatior of amorphous metal films at the California Institute of

Technology (Caltech) has been improved thermal stability of tungsten-zirconium
films over the earlier tungsten-nickel films. Addition of nitrogen by
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reactive sputtering can mitigate the chemical activity between the amorphous
film and the substrate or metal overlayer.

DIRECTED-ENERGY TECHNOLOGY

ARCO Solar, Inc., 1s investigating the use of excimer lasers as an
energy source for annealing ion-implanted cells and for metallizatioa. The
metal deposition approach is ultraviolet (UV) photolysis of gas-phase
reactants.

Spirz Corp., is also using an excimer laser (reported above, under
Junction Formation). Westinghouse Electric Corp., R&D Division, is using an
argon-ion laser for m<tallization.

Superwave Technolegy Inc., has successfully deposited silicon by using a

microwave energy source rather than the conventicral RF source.
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RELIABILITY AND ENGINEERING SCIENCES AREA

INTRODUCTION

The objectives of the Reliability and Eagineering Sciences Area are to
develop the reliability~durability tectnology base required to achieve
30-year-life flat-plate photovoltaic modules and to develop the engineecing
sciences base required to integrate low-cost cell and module technologies into
cost-effective and safe arrays that meet the operational requirements of
future large-scale applications., Elements of the first objective include:
failure mechanism identification and understanding; module reliability
prediction tools; test, measurement and failure analysis technologies, and
3)-year-life materials and designs. Elements of the second objective include
operational and safety requirements, electrical and fire safety technologies,
structural design technologies, temperature coatrol technologies, and
electrical circuit technologies.

These items are addressed in the context of the DOE Five-Year Research
Plan and are reportecd herzin ir a structure corresponding to the organization
of the Flan.

SUMMARY OF PROGRESS
Materials Research: Testing of Thin-Film Cells and Modules

A test program is under way at Clemson University to investigate ‘
first-order failure mechanisms on thin-film cells. At least three different
cell types have been obtained to initiae the program. Initial tests are
identical with those developed by Clemson for use with crystalline-silicon
cells, to get baseline data.

After a Request for Quotation was issued to five contractors for
amorphous-silicen modules, quotations were received from Chronar Corp. und
from Hughes Aircraft C:. Purchase orders have been issued to both companies. .
Module deliveries are expected from Chrona- in October and from Hughes in .
Janu«ry.

A research forum on Reliability and Engincering of thin-fiim wodules
will be held in February 1985,

Collector Research: Advanced Module Development

Work is cortinuing at Spire Corp. on the development of a
high-efficiency silicon cell module. With one processing regime a batch of
module cells has been manufactured having average efficiency of 15.5%. Other
regimes will be tried to optimize the process feor maximum efficiency at NOCT.

Minimodules are being ordered using the basic designs expected for
high-efficiency modules. These minimodules will be used for a reliability
test program aimed at identifying failur. mechanisms inherent in the
high-efficiency module designs.
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Svstems Research: Module Reliability

Reliability and Physics Studies

1.

Electrochemical Corrosion Research

A series of 60-volt and 500-volt tests conducted on polymer-
encapsulared two-electrode cell-frame samples exposed to several
temperature-n.midity environments has yielded a wealth of information
relating le. “c32 current levels integrated over exposure times with
cell power cutput reduction as a measure of photovoltaic electro-
chuemical degradation. These ddata, together with reduced SOLMET
weather data, pro-wided the input to test a photovoltaic array
life-prediction algorithm developed to determine yearly average
module field failure rates.

More recent experiments have refined the definition of mean cell
failure charge transfer level and have focused on the mechanisms of
electrochemical degradation. 1In particular, it has been observed

that for positive ard negative cell polarities (with respect to the
grounded frame) the degradation mechanisms differ, vut the degradation
rates are of comparable magnitude.

In another experiment PVB- and EVA-encapsulated modules, hermetically
sealed and unsealed, were “piggybacked" onto the humidity-freecze

test, a part of the standard JPL module qualification test, to
determine if module qualification tests can spot potential
electrochemical failures. It was learned that sealed modules,
responding only to temperature stresses, experienced degradation
equivalent to one to two years of exposure in a field enviromsent
such as Miami, whereas unsealed mondules experienced four to B4 years
of equivalent field exposure, dependirg upon the module encapsulation,

These results have stimulated present research focusing on determining
equilibrium leakage current levels of fielded modules and determining
the effect on module electrical conductivity--hence electrochemical
corrosion--of hermetic and non-hermetic substrate filus.

Keliability and Durability of Bonded Material

Chemical bonding work (Dow Corning Corp., Case Western Reserve
University, University of Cincinnati) is continuing in the
development of a reduced number (no more than three) of
general-purpose primers for all photovoitaic module interfaces.
Separately, investigative work is continuing to arrive at routine
laboratory capanilities to monitor interfaces spectroscopically for
fundamental information related to chemical debonding mechanisms and
aging kinetics for assessing bond life potential,

Dow Corning has observed that EVA bonds strongly to aluminized back
surfaces of solar cells, when using the standard EVA-glass primer
system. Ordinarily, EVA bonds weakly to aluminum foil or sheet
stock, using the same primer; therefore, this observation with the
solar cells was not expected. The chemistry of the aluminized
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back surface is now being examined by combined scanning electron
microscopy (SEM) and electron dispersion spectroscopy (EDS) analysis
at the University of Cincinnati, where initial observations are
finding that the back surface is a mixture of aluminum and silicone.
If it can be assumed that the silicon may be present as an oxide, or
as a hydroxide, then perhaps the back surface has glass-like
chemistry, which would heip to explain the Dow Corning observation.
If true, and if the process of aluminizing the back suriace of a
solar cell generally results in a glass-like chemistry, then the task
of bondirg a pottant to a solar cell may be simplified significantly.

Photothermal Degradation Research

Data obtained from flash electron spin resonance studies has shown
that chemical intermediates of polymer outdoor photothermal
degradation behaved non-linearly with respect to light intemsity. It
is important to determine quantitatively this non-linear relationship
to design meaningful accelerated testing procedures, During the past
quarter photothermal aging of EVA specimens at 2 suns and 6 suns were
carried out. Yellowing (loss of transmittance of EVA) had been
monitored as a function of time. The rate of EVA yellowing at 6 suns
is approximately 1.7 times faster than that obtained at 2 sums.

These data support a model in which the rate of EVA yellowing due to
photothermal aging is proportioral to the square root of light
intensity.

Other data obtained show that the overall rate of photothermal
yellowing is governed by three mechanisms:

(1) Thermal-induced yellowing
(2) Photo-induced bleaching
(3) Photo-induced yellowing

The photo-induced bleaching contribution is cignificant; rate of
thermal yellowing is found to be faster than that of photochermal
yellowing., Individual rates of these reactions are being determined
to develop a quantitative model measuring transmittance loss as a
function of environmental stress parameters.

Springborn Laberatories h:as prepared a draft of its annual report.
New work at Springborn will involve encapsulation process sensitivity
analysis, module flammability, electrical insulation life prediction,
polymeric aud reactive protection stabilizers for high-temperature
pottant service, and increased use of outdoor heating racks for
accelerated aging in the natural terrestrial environment. A two-year
contract extension for Springborn has been issued.
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All technical work at Spectrolab on encapsulation engineering
modeling and analysis, as contractually required, has been completed
and a final report is being prepared. An 18-month contract extension
was issued in September,

Polytechnic Institute of New York has started synthetic work on a new
class of UV stabilizers with carboxyl groups in the benzotriazole
group. It is proposed that the compound
2,4-(2H~carboxybenzotriazole-2-yl) 1,3-dihydroxybenzene (DCBDH) be
prepared from the diazonium salt of 4-amino-3~-nitrobenzoic acid and
resorcinol. The Institute is also working on the incorporation of
previously synthesized UV stabilizers into polyesters and
polycarbonates, and ha: initiated a study on the incorporation of
these stabilizers in epoxy resins.

The University of Toronto is continuing its efforts on computer
modeling of the photodegradation of polymeric materials.
Polyethylene was used as the model compound for previous EVA
pl.otodegradation modeling, because of the similarity in cheumical
structure between polyethylene and ethylene vinyl acetate copolymer
(EVA). It was assumed that the addition of the vinyl acetate group
would act only as a perturbation to the polyethylene system. In the
past quarter, computation of EVA was initiated. The time to failure
required for an unstabilized EVA was found to be similar to that of
an uistabilized polyethylene. These data lead support to the
assumption that polyethylene is a valid model for EVA
photodegradation.

Reliability Prediction and Management

Efforts focused on summarizing the overall gtatus of module
reliability from mechanism and circuit-redundancy perspectives. A
paper titled "Technology Developments Toward 30-Year-Life," by R.G.
Ross, Jr., was presented in a plenary session at the 17th IEEE
Photovoltaic Specialists Conference on May 2. The present work s
updates the reliability goals for 13 principal failure mechanisms and
defines the research status of each. Detaiied life-prediction
modeling efforts are nearing completion on electrochemical corrosion,
Recent work on temperature-humidity aging was presented at the 1984
IES meeting in a paper titled "Assessing Photovoltaic Module Life
from Long-Term Environmental Tests,' by D.H, Otth and R.G. Ross, Jr.

In developing techuiques to extrapolate accelerated photuthermal test
data to simulate 30-year field exposure, an analytical model was
developed that incorporated the measured dependency between
transmittance loss and UV and temperature exposure levels. This
model was exercised using SOLMET weather data extrapolated to 30
years for various sites and module-mounting configurations,
Preliminary results indicate that ground-mounted arrays uaing an
encapsulant such as EVA should undergo degradation within the 30-year
allocation of 6%; roof-mounted arrays produce marginal results. The
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conclusions are that temperature is a key driver to photothermally
induced transmission loss (approximate doubling of rate per 10°C)

and that the sensitivity of transmission loss to UV level 1s highly
nonlinear with the minimum in the curve near 1 sun. Future work
includes refinement cof the analytical model using additional data
taken in the region of l~sun UV exposure and repeating the *hermal-UV
exposure tests with the addition of humidity to study the impact of
this variable.

Module and Array Engineering Sciences

The proceedings of the Central--Station Array Research Forum held at
Sacramentu, California, December 5-8, 1983, has been issued as JPL Document
No. 5101-247, titled "Proceedings of the Flat-Plate Solar Array Prcject
Research Forum on the Design of Flat-Plate Photovoltaic Arrays for Central
Stations."

1l

Operating Temperature Characterization of Roof-Mounted Arrays

This activity evaluates the influence of environmental parameters on
module thermal performance. Some results were reported in a paper
titled "Thermal Performance of Residential PV Arrays," by L. Wen,
presented at the ASES Aunual Meeting June 5 in Anaheim, California.
A report titled "The Influence of Envirommental Parameters on the
Thermal Performance of Photovoltaic Modules" is being prepared; it
focuses on reducing uncertainties involved in NOCT testing and
analytical predictions. Also, work is continuing on simplifying the
procedure for determining the NOCT value of a PV module. This effort
is supported by the environmental test activity and indicates that
adequate NOCT values can be obtained from compzrative measurements
from a module and a reference plate.

Hot-Spot Heating with Complex Series-Parallel Source Circuits

Hot-spot testing data were used to develop guidelines for future
testing of modules to determine hot-spot susceptibility in
central-station applications where multiparallel cell strings are
prevaleat, leading to a risk of current imbalance and severe hot-spot
heating. The results of this effort, including guidelines for
circuit-design strategies to reduce the risk of hot-spot problems,
were summarized in a paper titled "Determination of Hot-Spot
Susceptibility of Multistring Photovoltaic Modules in a Central-
Station Application” by C.C. Gonzalez, et al, for the IEEE
Photovoltaic Specialists Conference in Orlando, Florida in May. The
paper was jointly written with ARCO Solar, Inc., and Acurex Corp.

Bypass Diode Integration Studies
The General Electric Co. (GE) final reporl on the integration of
bypass diodes in photovoltaic modules and arrays was distributed in

May, 1984. GE prices for field-installed diode packages, when

33

A



LR S (@

CRENE Y- °F SR

PRgd

- -r e e
e [RASEEN

RELIABILITY AND ZNGINEERING SCIENCES AREA

revised to include only costs associated with the bypass function,
were found to be of the same order of magnitude as those of other
organizations. A technical paper on this work, titled "The
Integration of Bypass Diodes with Terrestrial Photovoltaic Modules
and Arrays," by N.F. Shepard, Jr., and R.S. Sugimura, was presented
at the IEEE Conference of May 1-4, 1984, in Kissimmee, Florida.

Experiments are planned to develop a qualification procedure for
determining the relative reliability of module bypass diodes. This
effort will also help to define heat-sink requirements for diodes to
determine whether low diode-attributed costs are attainable while
maintaining diode reliability,

Module Flammability Research

In collaboration with ARCO Solar, Inc., a series of exploratory tests
were completed at Underwriters Laboratories, Northbrook, Illinois, to
characterize module back-cover temperature during fire testing and to
increase fire resistance by material selection. Class A
spread-of-flame tests and Class & burning-brand tests were conducted
on Juiy 24-25 on experimental modules made with improved constructiou
techniques and u1sing the following back cover meterials: Kaptoun (2
and 3 mils), thermcseal mica plate, fiberglass-silicone rubber, and
fiberglass-neoprene rubber. A preliminary conclusion is that the
Class A burning-brand test is more severe than the Class A spread-of-
flame test or the Class B burning-brand test.

Plans were complated for the next series of module flammability tests
at Underwriters Laboratories, scheduled for October 23-25, 1984, '
Discussiis with Gila River Products, Phoenix, Arizona, and HITCO
Materials Division, Gardena, California, on high-temperature
materials resulted in delivery of sample proprietary back covers to
ARCO Solar, Inc. and Solavolt International for incorporation into
test modules. The primary objective of the next series of tests is
to identify non-conductive, back-surface materials and module
configurations that can withstand Class A burning brands.

Results of initial research efforts that focused on Class B
burning-brand tests w2re summarized in an IEEE paper titled
"Flammability of Photovoltaic Modules,”" by R.S. Sugimura, et al, for
the May 2 conference in Kissimmee, Florida.

MODULE PERFORMANCE AND FAILURE ANALYSIS

1,

Solar-Cell Parametric Reliability Testing

Cell parametric reliability testing continues at Clemson University
on en:apsulated and unencapsulated cells in two areas: real-time
rocftop testing and Arrhenius-type t2mperature-humidity testing.
Clemson recearch on failure analysis of single-crystal cells has
identified one potential cell failure mechanism, found in accelerated
stress testing of p-on-n type cells: Schottky barrier formation on
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the back-side contact. A paper titled '"Degradation in Silicon Solar
Cells Caused by the Formation of Schottky Barrier Contacts During
Accelerated Testing," by J.W. Lathrop, et al, was presented at the
IEEE Photovoltaic Specialists Conference in May 1984,

In a separate cell reliahility research testing activity, cells are
being exposed to the outdoor environment, in situ on test racks on
the roof of an engineering building at Clemson University. The
unique aspect of this test is that both encapsulated and
unencapsulated cells are included. There are special jigs for
holding individual unencapsulated cells. Preliminary data developed
in this tesc will provide new insight into reliability attributes of
unencapsulated silicon solar cells,

Renewed interest in high-efficiency silicon cells has led to a new
round of cell-reliability testing. Test samples of new versions of
high-efficiency cells from two manufacturers have been obtained.
These samples are now undergoing accelerated stress testing in the
Clemson test program and will be compared with earlier,
lower-efficiency cells.

Module Parametric Reliability Testing

The development of humidity degradation rates and the identification
of key electrochemical failure mechanisms continues for generic
module designs based on temperature-humidity testing cycles and data
from SOLMET weather tapes. Block V and several commercial designs
have been combined in the minimodule test set for endurance testing
at Wyle Laboratories. Although EVA encapsulants have been well
represented, aliphatic polyurethane silicone samples have been
involved as have samples from specific large-application experiments
such as SMUD and Georgetown. To study the long~term effects of
electrochemical cell corrosion, dual-polarity tetctec have been
included in the six environments {55°C/40% RH and 85°C/85X RH;
70°C/40% RH and 70°C/85% RH; 85°C/40% RH and 85°C/85X RH).

Module Environmental Testing

The environmental test activity has continued with its three current
major module groups: Block V modules, commercial modules procured
under Block V type contracts, and commercial modules procured to
investigate module developments.

Tests on the Block V Group 1 modules have been completed. The
initial round of tests on the Block V Group 2 modules (ARCO Solar,
Inc., Mobil Solar Energy Corp., and Solarex Corp.) has been completed
only on the ARCO modules. However, some retesting must be jerformed
on ARCO modules that have not yet been delivered. Furthermore,
because of a series of problems (glass delivery, glass breakage, cell
breakage during lamination) Solarex has not delivered all of its
modules.
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For the commercial modules procured under Block V-type contracts, the
\ only significant remaining tests are those to be performed on the
. Solenergy Group 2 modules. For this group, Solenergy has changed to
' a laminated design with EVA encapsulant, for which a design review
was held on August 22, before approval for module fabrication.

Results of environmental testing performed during the report perviod:

o Vendor Code Quantity Test Results

GR5H 4 Wind Asphalt shingles at top of roof
lifted by wind

YLSH 2 T-200 More touching and sagging of
: cells; diode short and 1/3
loss in power

Y Ussp 6 Final Satisfactory; four more modules
oy Hipot, to be submitted for retest of
4 Cont'y J-boxes

b

e YLSP 4 T-50 Satisfactory

= HF-10 Some discoloration

=

. 4 M1-10K String resistance increased 0%,

10%, 58% and 64% respectively;
one edge gasket came loose at
one end, bowing out end rail

LS5P 4 T-50 Slight back-surface material !
shrinkage; modules installed
in JPL roof frames per vendor
design; modules slid out of
position in frames

2 T-200 Fatigue -tress marks on 20%
of the interconnects
' 4 HF-10 One module had bubbles in
encapsulant
. 2 M-10K Satisfactory (2 are still to
he tested)
BQ4H 2 T-200 Electrical failure: 52 and 37

interconnects broken, respec-
tively; both modules showed
discolorations around frame,
J-boxes loose and air bubbles

BM2H 6
BMOH 6 Final

- —
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Vendor Codz2 Quantity Test Results
BEOH Hipot, Satisfactory
8Q4H Cont'y
BR2H
BFOJ 5 Final Tests were to back metal panel
Hipot, only; one module failed hipot,
Cont'y 5 failed continuity
BZOH 4 Final Hipot satisfactory, no contin-
Hipot/ uity by design
Cont'y
BX2H 6 Final Hipot satisfactory;
Hipot, all failed continuity
Cont'y
BX3H 1 HS-100 Satisfactory
BD2H 2 T-50 Satisfactory
T-200 Electrical failure, one module;
11 and 13 interconnects cracked,
respectively
BQ3H 1 H3-100 Satisfactzry
BR2J 2 T-50 Satisfactory (retest of
J-box adhesive)
SR5H 2 T-200 3 interconnect cracks, 1 midule;
more delamination with smail
Tedlar tears, some discoloration
1 HS-100 Satisfactory
1 T-50 Improved laminate process module
showed no delamination
Notes: 1T-50 = 50 thermal cycles, -40°C to 90°C
T-200 = 150 additional thermal cycles
UF-10 = Humidity, 85°C/8,>% RH, —40°Ci 10 cycles
M~10Kk = Mechanical cycling, 50 1b/ft<, 10,000 cycles
HS-100 = Hot-spot test, 100 cycles
4, Module Field Testing

A report of the field test results at the sites monitored by JPL
since 1981 has been published in JPL Document No. 5101-254, FSA Field
Test Annual Report, August 1981-January 1984.

37

o wag

fors



-5

u‘!l '

RELIABILITY AND ENGINEERING SCIENCES AREA

5'

Electrical Measurements Technology Development

A series of silicon reference-cell performance measurements conducted
by JPL and SERI has ultimately resulted in data showing that the SERI
calibration values now match the JPL values very closely.

JPL has assembled and calibrated a set of four reference cells that
will be included in a round robin of measurements being conducted by
the Comnission of European Communities (CEC). The cells were shipped
to the CEC Research Centre, Ispra, Ttaly. A total of 128 cells from
{ive countries will be measured in seven countries. JPL is scheduled
to receive the cells for measurement next February.

JPL is also participating in a round robin of reference cell and
module measurements being conducted by British Petroleum. The
measurements at JPL, in progress, will be followed by measurements at
the Royal Aircraft Establishment and at the Ispra Research Cenire

A filter has been designed and ordered for installation in the LAPSS
to provide an air mass 1.5 global spectrum. The modification will be
ugseful for global spectrum measurement of both silicon modules and
amorphous-silicc » modules. Reference cells suitable for maasurement
of amorphous-sili-cn modules are being prepared.

Failure Analysis and Reporting

Failure analysis was performed on a Solenergy Corp. module that had a

reported 15.2% power degradation after a series of thermal and ]
mechanical tests. “c -destructive tests were performed with the )
solar~cell laser sc. .. (SCLS), Sun-U-Lator and corona discharge

tester. Mechanical probes and cell isolation techniques were used to

mea:ire the performance characteristics of interior cells. The f
clectrical degradation of the module was verified but it was found i
not te be associated with any particular cell or group of cells.

This suggests the possibility of an optical degradation, such as _
increased reflection or absorption of incident radiation due to "
degradation of the RTV encapsulant or antireflective coating, or of '
delamination, but these modes were not directly confirmed. The fact

that other Solenergy modules also showed appreciable degradation only

after HF-10 and T-200 environmental tests in which discolorations and
delamination were observed throughout the module lends more credence

to the suggested failure wmode.

As part of continuing efforts to establish failure-analysis
techniques suitable for evaluating, characterizing anl analyzing
thin-film amorphous silicon solar cells, an argon laser was
integrated into the existing SCLS. The laser's six selectable
spectral lines significantly expand the capability of the SCLS and
also provide the means for depth-profiling cell performance
properties., Investigations on the commercial modules (Sanyo AM-7802
and AM-7703) are continuing and include performance characterization
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and technology assessment with emphasis on developing the data base
needed for the investigation of failure modes and mechanisms. Power
output, shunt and series resistance and conductivity measurements
were made under various test conditions, such as optical and
thermal. One interesting result is that the energy conversion
efficiency of commercial-quality a-Si modules is less than 2%, which
is well below that reported for exparimental cells (7.4% to 11.7%).
SCLS photocurrent images for two Jdifferent laser lines clearly show
difference response characteristics, This indicates that different
lines could be used to obtain information on different parts of the
device. This study is confinuing.

A paper titled "Discoloration of Poly (Vinyl Butyral) in Cells
Exposed co Real and Simulated Solar Environments," by Q. Kim and A.
Shumka, was published in Solar Cells, in September, 1984,
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RECENT TECHNICAL PUBLICATIONS

"Technology Developments Toward 30~Year-Life," R.G, Ross, Jr., 17th IEEE
fhotovoltaic Specialists Conference, Kissimmee, Florida, May 2, 1984.

"Assessing Photovoltaic Module Life from Long-Term Environmental Tests,"
D.H. Ootth and R.G. Ross, Jr., IES 30th Annual Meeting, Orlando, Florida,
April 30, 1984.

Proceedings of the Flat-Plate Soclar Array Project Research Forum on the
Design of Flat-Plate Photovoltaic Arrays for Central Stations, JPL
Document No. 5101-247, Sacramento, California, December 5-8, 1983.

"Thermal Performance of Residential PV Arrays,” L. Wen, presentad at
ASES Annual Meeting, June 5, 1984, Anaheim, California.

"Determination of Hot-Spot Susceptibility of Multistring Photovoitaic
Modules in a Central-Station Application,” C.C. Gonzalez, et al, IEEE
Photovoltaic Specialists Conference, Orlando, Florida, May 2, 1984.

"The Integration of Bypass Diodes with Terrestrial Fhotovoltaic Modules
and Arrays," N.F. Shepard, Jr., and R.S. Sugimura, 1EEE Photovoltaic
Specialists Conference, May 1-4, 1984, Kissimmee, Florida.

"Degradation in Silicon Solar Cells Caused by the Formation of Schottky
Barrier Contacts During Accelerated Testing," J.W. Lathrop, et al, IEEE
Photovoltaic Specialists Conference, May, 1984 Kissimmee, Florida.

"Flammability of Phctovoltaic Modules,” R.S. Sugimura, et al, IEEE
Photovoltaic Specialists Conference, May, 1984, Kissimmee, Florida.

"Discoloration of Poly (Vinyl Butyral) in Cells Exposed to Real and

Simulated Solar Enviromments,' Q. Kim and A. Shumka, Solar Cells, Eisevier
Sequoia $.A, Lausanne, Switzerland, September, 1984,
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PROCEEDINGS

iNTRODUCTICN

The 24th Project Integration Meeting of the Flat-Plate Solar Array Froject
of the Jet Propulsion Laboratory was held at the Pasadena Center, FPars.dena,
Califoraia, oa October 2 and 3, 1984,

The theme for the 24th PIM was High-Efficiency Photovoltaic Neviceg and
dodules, refiecting recent increa’ 2d emphasis on high efficiency by the
national Photovoltaizs Program, sponsored by the U.S, Department of Energy.

The results of the FSA Research Forum on High~Efficiency Crystalline
Silicon Sclar Cells, held at Phoenix, Arizona, July 9 tbrough 11, 1984, were
summarized. Plaas and activities within FSA that are directed toward higher
effiziency were present:d, and specific ke; issues were discussed.

Tn addition, reports on progress in photavoltaic technoulogies in other
areas werc preseated.

The FSA Project Integration Meetings continue to enable :smmuaication
between the Government and the private photovoltaics community about present
and future photovoltaics activities. This exchange is essential in assessing
recent progress; in identifying trends and new developments: in integrating
research activities, and in guilding near-term and long-term planning, decision
making, and adjustments in Prcject priorities.

A summary of Plernary Sersion reports is presented below, followed by
visual summari:s of the reporis given in the Technical Sessions.
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Plenary Sessions
SUMMARY

W. T. Cellaghan, Manager of the Flat-Plate Solar Array Project (FSA),
opened the meeting by welcoming the participants to thz Project Integration
Meeting (PIM). He noted that FSA prnject activities directed toward
higher-efficiency solar cells and modules are accelerating and supplement
continuiug efforts to develop t:chnology that can be used by industry to
ceduce costs and increzse reliability.

Morton B. Prince, Chief, Collector Research and Development Brauci,
National Photovoltaics Program, U.S. Department of Energy (DOE), preseates the
ratiorale for DOE's pursuit of high-efficiency crystalline-silicon technology
activities, c¢lting the National Photovoltaics Program Five-Year Research
Plan. DOE is sponsoring R&D to advance technology that private enterprise can
use to compete in U.S. leccric energy markens. The 30-year levelized cost of
PV-generated electricity must desceni to about $0.15 kWh in the long term, or,
at tocay's cost, about $0.07/k¥h. A trade-cff of possihble PV system parameters
that should be attained in order to meet the cost goals are shown in the Plan,
which mzkes obvious that cell and module efficiencies must be increased. To
raise the efficiencies tc the levels needed, considerable R&D is required.

How shouid UOE best use its limited budget resources to achieve
technology advancements which industry can convert to the practical products
required? 1In the near term, considering cost and efficiency leads to the
conclusion that single-zrvetal silicon s the strongest contender for a
single--junction BV device that may meet the objectives. Theoretically, it is
possible to obtain higher efficieucies by stacking cells to make better use of
the soler spectrum. To build successful high-efficiency stack:d cells, it is
necessary tliat each cell in the stack be efficient. Thus again, high-
efficiency crystalline-silicon cell technology is the best-known PV technology,
and could provide a component, socner, for these very efficient systems.

A.M. Kacnare, Manager of the FSA Device Research Task, described FSA
high-efficiency cell activities suppo-ting efforts to achieve the DOE
Five-Year Plan goals. A specific goal is ". . .to establish the technologies
by 1988 which iadastry can apply to the production of 15% efficient crystalline
silicon modulas. . . ." To achieve that goal it is necessary to ideantify and
resolve key generic problems that limit cell efficiency. The major issues
being addressed are surface losses, bulk losses, moaeling, proof of concepts,
and measurements. Achievement of 29%-efficient large-area solar cells using
low—-cost silicon sheet requires understanding of all aspects of carrier
recombination losses, innovative designs based on sound modeling, and reliable
meagurement. techniques. The research is showing promising results.

Tre High-Efficiency Crystalline-Silicon $olar Cell Research Forum held
by FSA in July 1984 was summarized by Professor Martin Wolf, University of
Pennsylvania. Twenty-six invited speakers gave presentations on high-
efficiency concepts, surface and interface effects, bulk effects, model’ng and
high-efficiency device processing. The presentations focused on the best
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efficiencies attained so far; the next improvements that can be expected;
"ideal" cell efficiency; the ultimate expectable efficiency; the how and why
of high-efficiency cells, and the knowledge required to attain high
efficiencies. Each group working on increasing cell efficiency believes that
it has not exhausted its present approach, has identified further optimization
potentials, and has reason to believe that 20% (AM1.5) cell efficiency can be
exceeded. Analysis of the contributions ¢f the principal individual efficiency
loss mechanisms in crystalline-silicon cells and experimental cell results
were discussed in detail at the forum. Expectation of the achievement of
efficiencies significantly above 20% is growing; however, major advances in
material processing and in material quality will be required.

A presentation on nigh-quality crystalline-silicon ingot technology
issues was presented by G. Schwuttke, University of Arizona. First issue:
high-quality semiconductor silicon material research is needed, especially in
the United States. This was the conclusion of a Defense Advanced Research
Projects Agency study and of othkers in the field. Silicen wafers produced in
the United States are not as good as some foreign-produced wafers. In the
U.S. semiconductor industry the emphasis is on device technology, which has
resulted in the evolution of many excellent people with excellent knowledge of
device technology but with a weak comprehension of materials technology. Good
materials research is sophisticated and requires long-term commitments with
appropriate funding. The Japanese are doing better than the Americans at
supporting long-term materiils research. Second issue: 1in the United States
there is a need for dynamic interaction between semiconductor-material
specialists and producers and the material users, i.e., the device producers.
Because of poor communi:cations between these groups, the material suppliers
don't really understand nor can they readily anticipare material user's future
needs. Also, the users don't really understand the potertials and limitations
of future materials. Third issue: highti—quality semiconductor silicon material
is a strategic material from both an economic and security viewpoint. These
deficiencies could be changed with a joint effort by electronic and materials
organizations to form and support a dynamic, advanced materials
characterization capability. ’

High-efficiency module and array research activities were discrssed by
Ronald G. Ross, Jr., Manager cf the FSA Reliability and Engineering Sciences
Area. Continuing development of module technolcgies that contribute to high
efficiency include high cell-packing factors, such as rectangular cells,
narrow borders, close cell spacing and large modules, and low optical losses
by use of antireflection coatings, antisoliiag coatings and high
light-transmittance encspsulants. Also included are low electrical-mismatch
losses by use of series-paralleling and solar-cell performance sorting, and
achieving low operating temperatures by good convective cooling of module rear
surfaces, high thermal emittance and high reflectivity of module rear surfaces
and low~IR-absorbance front surfaces. The research being performed during
FY85 on the above items was summarized briefly.

Sensitivity analyses of PV systems that could meet the DOE energy cost
goal of $0.15/kWh were presonted by R.W. Aster of FSA's Project Analysis and
Integration Task. Many parameters were varied during the study and
comparisons were shown of the most important: module cost, module efficiercy,
insolation and energy co~t. The relative impacts of euergy costs were shown,
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in which the $0.10/kWh value représented a worst-case competition against coal
and $0.20 to $0.25/kWh represented competition with oil, Sensitivity to
module efficiency is substantial; dcubling efficiency allows the module cost
to be five times higher. Sensitivity to site location is also strong; i.e.,
che insolation value has substantial influence on energy-generated costs. New
FSA allocation guidelines for monitoring the progress of the various technical
options toward achievement of cost-reduction and efficiency goals were
preseated.

Anthony F. Scolarn, Collaztor Research and Development Branch, DOE, gave
a presentation on the future of crystalline silicon technology in the National
Photovoltaics Program. There is a reasonable expectation that crystalline
silicon will continue to dominate the PV market place through this decade
because of its significant progress along the product growth curve, which
positions it as a major contributnr in PV market growth. Silicon has a very
high potential efficiency, demonstrated reliability, and a significant
potential for cost reduction. Therefore, it is important to resolve the
critical problems that curreantly limit improvement of crystalline silicon
technology. The perpetuation of the mutually beneficial Govermment-industry
partnership can be encouraged by cost-shared research and prompt complete
transfer of information., This will assist in maintaining a healthy growing PV
industry. The Five-Year Research Plan includes work on silicon materials,
advanced silicon sheet, flat-plate collectors and module reliagbility. The
development of fluidized-bed reactor technology for commercial use in the
deposition of high-purity silicon from silane is scheduled to be completed in
FY85. Silicon-sheet efforts are directed toward obtaining a basic
understanding of high-speed silicon crystallization; controlled crystallization
to develop high-purity, low-defect-density sheet material during stable
long-term growth is needed and is scheduled to be achieved in FY86.
Flat-plate collector technology advancements needed include understanding of
device parameter sensitivity to surface and bulk reccmbination mechanisms, and
the identification and development of processes that are cost-effective and
that result in high-performance cells. It is also necessary to develop and
verify methods of extending module life to 30 years of reliable operation.
There is a need to mitigate the effects of identified module degradation
modes, e.g., electrochemical corrosion, bond delaminacion, photothermal
oxidation, and electrical insulation breakdown; to develop an understanding of
aging processes that will enable accelerated testing, and to complete these
efforts in FY87. Crystalline silicon PV has a substantial knowledge base to
draw upon, improving its chances of success in competition with other PV
technologies.

The first phase of the Saccamento Municipal Utility District (SMUD) plan
for 100 MW of PV generation capability was completed in July 1984. The
completion, checkout, and initial operation of the 1 MW plant was described by
D. Collier of SMUD. The plant consists of 896 8 x 16 ft panels of ARCO Solar,
Inc., single-crystal silicon solar cells arranged in 112 single-axis tracking
flat-plate arrays, The only major problem during construction and start-up
was a dual ground fault that required replacement of some equipment,
Performance monitoring data will be reduced on site and disseminated by SMUD,
and will be sent to Boeing for evaluation in accordance with a contract with
the Electric Power Research Institute (EPRI)., The initial performance
evaluation: The array field appears to be meeting design expectations, PCU
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acceptance testing indicates compliance with specification, and electrical
switchgear problems delayed early operation but now appear to be resolved.

Mark Anderson, manager of PV activities at SMUD, presented the current
status and plans for the second and third phases of the SMUD PV plant. The
second phiase is also a 1 MW plant at a planned cost of $10,400,000, wh.ch is
exactly the contracted cost. Nine hundred kW of modules assembled into 8 x
16 ft panels will be supplied by ARCO Solar Electric. Solarex Corp. will
supply 200 kW of modules assembled into panels of similar size. Mobil Solar
Energy Corp. will supply 37 kW of modules with solar cells made from EFG
silicon ribbon. The plant is to be operational late in 1985, and will use
single-axis tracking arrays similar to the first-phase arrays.

The third phase is to be a 5 MW ac (6 MW dc) plant, scheduled for
operation by the end of 1987. This 5 MW unit is seen as a potential
building-block unit for future PV additions. SMUD's target price for the
entire PV system installed is $8,000/kW. Stone and Webster has been selected
as the A&E contractor and is conducting a review, with SMUD, of design
options, which include tracking flat-plate and concentrator units; SMUD plans
to issue an RFP for PV collector panels on January 1, 1985, 1t will request
bidder response by February |, with the intent of awarding contracts to two
panel vendors on March 1, 1985. The panel target price is $4,000/kW, with
deliveries scheduled for June 1986 to November 1, 1987. The SMUD
maximum-demand periods are 2:00 p.m. to 10:00 p.m. from May to October.
Assessment of the value to the utility of PV versus generator units such as
gas-fired turbines continues,

The largest rooftop PV array in thz world, 300 kW, hecame operational in
September 1984, N, Marshall of Hughes Aircraft Co. (the A&E) described the
National Exemplar Facility at Georgetown University, Washington D.C., and
showed photographs of its construction. The watertight array covers about
36,000 £t2 of roof and meets safety, monitoring, and maintenance and repair
requirements. The array is bipolar, neutral-resistivity-grounded, and has -
output voltage of +228 Vdc, The 2 x 4 ft frameless laminated modules,
manufactured by Solarex Corp., exceeded the 72 W minimum average power
requirement. The modules had encapsulated bypass diodes, 3000 V electrical
insulation, and passed the JPL Block V tests. The modules were matched in
subpanels by 12 grades of electrical current outputs and arranged on the roof
by grades. Test equipment for measuring performance on the roof was devised,
During initial operation the PV system exceeded the system requirements.

-

An overview of the FSA Block V module activities was presented by
M. Smokler, Manager of the FSA Module Performance and Failure Analysis Task.
In the first phase, each manufacturer designed and fabricated 10 advanced
modules, which were tested by FSA., During the second phase, each manufacturer
submitted its module design, modified as determined by the test results, to
JPL for a collaborative design review, Then 10 modules of each modified
design were fabricated and tested. Where needed, further module modifications
and tests were performed. During the Block V efforts the following continuing
problems had to be corrected: uncured encapsulant, delamination, frame or
mounting degradation, high-voltage breakdown, inadequate ground concinuity and
junction-box warpage. A number of persistent electric-power measurement
problems were solved concurrently with the Block V activities. Solar cell and
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circuit characteristics, module physical characteristics and electrical
performance of the modules from the five second-phase contractors were
presented in table form. The changes in Block I through Block V products were
summarized by tread charts of module power, module packing factors, solar-cell
efficiency, module efficiency and module costs. Block V activities will be
completed early in 1985. The principal improvements of the Block V efforts:
modules are larger, higher performance is more common, and several design
pcoblems have been solved, as evidenced by Block V test results.

A number of PV specialists toured China recently; Ishaq Shahryar,
Presidont of Solec International, presented his impressions of the tour.
China is modernizing as rapidly as is possible, and is interested in all kinds
nf energy, especially renewable. Peopls in many rural areas are aware of and
want PV. Individuals can now own their own homes or small businesses.
Capital is scarce, so hardware must be simple and inexpensive.
Decentralization now permits small companies to arrange business deals with
foreigners. Many of these companies want to learn about modern technology by
means of joint ventures with foreign companies. They are good business people
and they move fast; Shahryar noted that he lost a business deal because he
expected that the Chinese would move slowly.
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HIGH-EFFICIENCY CRYSTALLINE SILICON
TLCHNOLOGY DEVELOPMENT

U.S. DEPARTMENT OF ENERGY

Morton B. Prince

I have been asked to give the rationale for pursuing high-efficiency
crystalline silicon technology research and development activities.

Let me start by quoting the purposes of the National PV Program from the
latest Five-Year Research Plan, '

"In accordance with legislative mandates and recent policy guidance, the
National Photovoltaics Program sponsors high risk, potentially high payoff
research and developmeut in photovoltaic energy technology which will result
in a technology base from which private enterprise can choose options for
further development and competitive application in U.S. electrical energy
markets."

In order for the private sector to compete in the U.S. electrical energy
markets, photovoltaic energy systems must be able to produce electricity at or
about the same cost as other competing energy systems such as oil, gas, coal,
nuclear or any other source of euergy. PV may be able to command a slightly
higher price than some of the other sources because of its safety,
non-pollution and other benefits. However, this premium should not blind us
to the brutal fact that cost is the main driving force in our society in
selecting its energy sources.

Energy cost analysts at JPL, Sandia, EPRI and the Aerospace Corp. have
come up wich essentially the same results regarding the necessary costs that
must be ieached. The 20-year levelized cost of electricity must get down to
about 13¢/kWh, or at today's cost about 7¢/kWh.

The analysis has ended up with several graghs (which are in the
Five-Year Plan) that relate module costs (in $/m* and in $/wp), module
efficiency and levelized electricity costs (¢/kWh). These grephs have been
made w th many assumptions that differ in some parameters for flat-plate
modules and concentrator modules

These parameters include system life, the ratio of system efficiency to
module efficiency, capacity factor, average peak insolation, annual O&M costs,
indirect cost multiplier, present worth factor, fixed charge rate, capital
recovery and balance-of-system costs, both area-related and power-related. I
refer to the Plan appendix which describes all of these parameters in detail
and gives numeriral data for them. 1 personally have some questions about
some of the numbers, but the differences do not significantly change the
results. Let us look at two of the figures from the Plan.

The first figure is for flat-plate PV systems with $75/m? for area-
related BOS costs (Figure 1). As you can see, in order for the PV system to
meet the 15¢/kWh line, the module efficiency must be greater than 152, and
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even then the module cost must be less thun $35/m? (or approximately
20¢/watt). 1If the module efficiency can Le increased to 20%, the cost of the
module in the system can be up to $75/m2 (or about 37¢/watt). Thus, one can
start to see the pressure on obtaining high efficiency.

Figure 2 shows similar information for a concentrator system with
$125/m? area-related BOS cost. In this case, one can see that the miniram
meaningful cell efficiency is 25%, which will allow a module cost of $50/m
of aperture. The $50/m? level will be extremely difficult to meet., A more
realistic set of numbers is efficiency of 35% and module cost of $135/m2 of
aperture,

Thus, it is necessary to get to flat-plate module efficiencias of
approximately 20% (and thus cell efficiencies of 22%) and concentrator cell
efficiencies of about 35%. Also, you now have a better idea of what some of
our problems are in designing the PV program within the limited budgets that
we have been working with during the past few years. Tt is possible to trade
off lower BOS costs to allow lower cell and module efficiencies, but unless
some breakthrough is made in the BOS area of work, T believe the BOS costs
assumed above will be difficult to beat. Besides the PV Five-Year Plan, T
recommend that you read the EPRI Report AP-3351 titled "PV Power Systems
Research Evaluation," especially Section 2, if you are interested in more
detailed information on the economic requiremants for PV systems.

The Program Office has, with the help of the three lead lat -tories,
come up with a set of activities that, we believe, will help industry reach
these high efficiencies. This set includes work on silicon devices,
single~junction multielement devices, multijunction thin-film devices (for
flat-plate modules) and multijunction structures for concentrator modules.

Data on single-junction cells are shown in Figure 3. These data are for
laboratory devices. The expected near-term efficiencies are given in the
right hand columns. As you can see, none of these single-junction cells will
ever meet the 35% efficiency needed for the concentrator module. Only a
couple of materials have the potential for meeting the flat-plate cell
efficiency of 22% or more. In the near term, tying costs with efficiency
results in the fact that single-crystal silicon is the strongest contender for
a single-junction device that may meet the objectives discussed above.

As most of you know, it is possible to obtain higher efficiencies by
stacking more than one cell on top of another to make better use of the solar
spectrum. Several analyses have been imade that indicate that the efficiency
can be increased to over 5%% with about 10 to 20 junctions of different
materials stacked upon one another. However, the difficulties of developing
such a structure are so horrendous that we can only think in terms of two-cell
and three-cell stacks at this time. These smaller stacks obtain the major
increase of efficiency cver the single-junction device efficiencies in any
case. Figure 4 shows vhat is possible theoretically for single-junction,
two-cell stack, and tbhree-cell stack material systems for flat-plate modules
and 500X concentrator modules. This chart also shows the optimum band gaps
that should be used. Note the bottom line combination which uses silicon as
the lower cell. Figure 5 (from John Fan) shows that the band-gap selection is
not very critical. Thus many combinations of materials are poesible that will
meet both the flat-plate module and concentrator-module requirements.
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To build successful stacks with these efficiencies, it is necessary for
x each cell in the stack to be efficient in its own right. Thus, again, silicon
appears to be a relatively near-term component for a useful system, and it
must be highly efficient.

Now that I have developed the rationale for the need to maximize the
efficiency of crystalline silicon PV devices, let me very briefly set the
background for the other speakers of this morning's program.

Figure 6 lists many of the factors that must be considered in the design
of a high-efficiency device. Many of these factors can only be optimized at
the expens. of other factors, and it is this complex overall optimizatior that
has given us difficulties over the past many years. However, we are gradually
closing in on the optimal trade-offs, and as you know cells with over 19X have
been obtained for silicon.

The last figure (Figure 7) shows how many of these factors fit in the
conceptual photovoltaic cell.
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Figure 1. Module Costs and Efficiencies vs 30-Year
Levelized Electricity Costs for Flat-Plate

Module Cost (19828$)/m?

Photovoltaic Systems {1 75/m2 Area-Related BOS)
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52




[ 3 \as . o, Dot N e e o~ .
i 1. 'y “\ \‘v A \ .
M&ﬁ*‘*‘ I\ W &x‘.ﬁ“t.&w e

PLENARY SESSIONS

Figure 2. Module Costs and Cell Efficiencies vs 30-Year
Levelized Electricity Costs for Concentrator
Photovoltaic Systems ($1 25/m< Area-Related BOS)
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Figure 3. Singie-Junction Photovoltaic Cells

CELL MATERIALS

LABORATOR CELL EFFICIENCY (%)*

SINGLE-CRYSTAL

SILICON

SILICON (500X)

GaAs THIN FILM (TRICK)
GaAs (500X)

AMORPHOUS SILICON
CulnSe,/Cds *™*

CdTesCas**

77 (1983) |77 (THEORY) 1 (1986-8) n (1990's)
19 25 20-21 22
20 28 21-23 26
17(23) 28 20-24 25
24 32 26-28 30
10 20 12-14 15
11 25 14-17 19
H 28 14-19 2

# CONCENTRATION RATIO = | SUN (1X) UNLESS DESIGNATED OTHERWISE
(500 SUN CONCENTRATION RATIO = 500X)

**POLYCRYSTALLINE THIN FiLM CELLS

Figure 4.

Theoretical Efficiencies

OPTIMAL BANDGAP(S) 7 (THEORY)

THREE-CELL STACK (500X)

(TOP TO BOTTOM) 28°C
SINGLE-JUNCTION CELL (1 SUN) 28%
1.45 EV
SINGLE-JUNCTION CELL (500X) 2%
TWO-CELL STACK (1 SUN) 3%
1.6 == 09 EV
TWO-CELL STACK (500X) 40%
THREE-CELL STACK (1 SUN) 2%

20 =& | == 095 EV
471%

TWO-CELL STACK (1 SUN)
(LOWER CELL-SILICON)

1.8 == |l EV 4%

e
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Figure 5. Two-Junction Photovoltaic Converter
Iso-Efficiency Lines
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Figure 6. Factors Affecting Efficiency

MECHANICAL FACTORS DEVICE FACTORS
Depth ol Junction (w) Surface Recombination Velocity (front,
Thickness of Waler (d) back, under contacts)
Series Resistance (contact geometry!} Reflecting Back Surface
Front Surface Koughness (light trapping} AR Coating
Contact Shadowing

High Eg Window (oxide, etc)
Series Resistance

PHYSICAL FACTORS Shunt Resistance
Raverss Saturation Current

Base Resistivity ()
"ﬂc Dll[lnt f " lp)

Emitter Impurity Distribution
(,pol!.' #Peit’ Pogy !

Operating Temperature

Pack Suriace Impurity Distribution

Recombination and Scattering Centers
in Base and Emitter
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Figure 7
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SUMMARY OF THE HIGH-EFFICIENCY CRYSTALLINE

SOLAR CELL RESEARCH FORUM

UNIVERSITY OF PENNSYLVANIA

M. Wolf
Session I: OVERVIEW
’ P. Landsberg Some Aspects of the Minority Carrier
Lifetime in Silicon.
C.T. Sah Review of Recombination Phenomena in High-

Session I1:

Efficiency Solar Cells.

HIGR EFFICIENCY CONCEPTS

Wolf

Lesk

Bell

Swanson

Olsen

Session IIl:

D.
L.
S.
S.

F.

Chadi
Razmerski
Lai

Fonash

Grunthaner

Silicon Solar Cell Efficiency Improvement:
Status and Outlook.

Some Practical Considerations for Economical Back
Contact Formaticn on High-Efficiency Solar Cells.

High-Efficiency Cell Concepts on Low-Cost Silicon
Sheet.

Righ Lifetime Silicon Processing.
Silicon MINP Solar Cells.

SURFACE/INTERFACE EFFECTS

Atomic Structure of the Annealed Si (111) Surface.
Surface and Interface Characteristics.
Nitridation of Si0j for Surface Passivation.

Surface Passivation and Junction Formation Using
Low-Energy Hydrogen Implants.

Chemical Structure of Interfaces.
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Session IV: BULFK EFFECTS

E. Sirtl

C. Pierce

T. Tan

| G. Schwuttke
i J. Hanoka

A. Neugroschel

Structural Defects in Crystalline Silicon.

Oxygen and Carbon Impurities and Related Defects
in Silicon.

Current uUnderstanding of Point Defects and
Diffusion Processes in Silicon.

Defects in Web Dendrite Silicon Ribbon Crystals
and Their Influences on Minority Carrier Lifetime.

EBIC Characterization and Hydrogen Passivation in
Silicon Sheet.

Measurement of Electrical Parameters and Current
Components in the Bulk of Silicon Solar Cells.

Session V: MODELING

R. Schwartz

M. Lamorte

F. Lindholm

S. Johnson

4 P. Iles

A. Rohatgi
Spitzer

L. Dyer

e e miemns s B el o —— -
=
.

Current Status of One and Two Dimensional Numer-
ical Models: Successes and Limitations.

Application of Closed-Form Solution Using Re-
cursion Relationship in Silicon Solar Cells.

P. enomena Simulation for Heavy Doping and Surface
Recombination Velocity.

Session VI: HIGH EFFICIENCY DEVICE PROCESSING

High-Efficiency Large-Area Polysilicon Solar
Cells. :

High-EBfficlency Solar Cell Processing.

Process and Design Considerations for High-
Efficiency Silicon Solar Cells.

Processing Technology for High-Efficiency Silicon
Solar Cells.

Texture Etching of (100) Silicon for Solar Cells.
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Questions Relating to the Attainment of
Higher-Efficiency Crystalline Silicon Solar Celis

WHAT ARE THE BEST EFFICIENCIES ATTAINED SO FAR?
HOW WERE THESE CELLS DESIGNED AND FABRICATED?
WHAT IS THE NEXT IMPROVEMENT STEP?
HOW CAN IT BE ACHIEVED?
WHAT IS TdE REALISTICALLY EXPECTABLE “"ULTIMATE"™ EFFICIENCY?
WHAT IS NEEDED TO GET BEYOND THE NEXT STEP?

A. Reduced recombination

B. Other design parameters

C. Is heavy doping needed?

D. Auger recombination as limiter.
HOW CAN RECOMBINATION BE REDUCED?

A. Bulk recombination
B. Surface recombination.

DO WE UNDERSTAND THE DEVICE PHYSICS ADEQUATELY?

A. Band-Gap narrowing

B. Auger recombination

C. High level injection

D. 2- and 3- dimensional interactions.
DO WEB UNDERSTAND THE ORIGINS OF RECOMBINATION CENTERS?
HOW CAN ONE PROCESS TO ACHIEVE REDUCED RECOMBINATION?
ARE OTHER NEEDED TOOLS ADEQUATE?

A. Modeling
B. Analysis

WHAT ARE THE INHERENT PERFORMANCE LIMITATIONS
IN "LOW COST" CRYSTALLINE SI?
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The Recent Approach

a. THOUROUGH DEVICE ANALYSIS COUPLED WITH MODELING:

TO DETERMINE ALL LOSS CONTRIBUTIONS

TO IDENTIFY PCSSIBILITIES FOR IMPROVED DEVICE DESIGN.

b. GLOBAL DESIGN VIEW OF DEVICE:

® OPTIMIZED CONT:{T DESIGN
[ DUAL AR OR TEXTUREZED FRONT SURFACE
e FRONT SURFACE PASSIVATION (AT LEAST PARTIAL)
o BSF AND/OR BSR DESIGN (LIMITED EFFECT)
® SELECTION OF LOW RESISTIVITY FZ Si
o PROCESSING TO MAINTAIN HIGHER FRACTION OF ORIGINAL
o OPTIMIZATION OF EMITTER IMPURITY CONCENTRATION FOR
PRESENT DESIGN
IN SUMMARY:

SQUEEZE A LITTLE HMORE PERFORMANCE OUT,

WHEREVER CURRENT TECHNOLOGY PERMITS.
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Status of Solar-Cell Technology

eTECHNOLOGY 1s AVAILABLE T0 REDUCE THE CONTRIBUTION OF EACH
SECONDARY LO0SS MECHANISM (REFLECTION, CONTACT SHADING, SERIES
PESISTANCE. ETC.) TO THE MAXIMALLY 2-3% {EVEL,

@ INTERNAL COLLECTION EFFICIENCY 15 GENERALLY >90%: “SATURATES” WITH
FURTHER REDUCED RECOMBINATION,

@0OPEN CIRCUIT VOLTAGE conTiNues To suBsTANTIALLY [NCREASE wiTH

NECREASING MiNorITY CARRIER RECOMBINATION. up 7O BASIC RECOMBINATION
LIMIT (RADIATIVE AND AUGER),

O CURVE FACTOR (runpamenTaL PART OF FILL FACTOR) cAN INCREASE (with v,0)
By A FEW PERCENT,

HIGH EFFICIENCY REQUIRES

A GLOBAL VIEW ofF trHe DEVICE. so thaT
ALL TECHNOLOGY-DETERMINED LOSSES
wiLL BEcoMe L O W,

1F ONE LOSS MecHanism DOMINATES —> NOT OPTIMIZED
—> REDUCE IT

The Next Step

BACH OF THE GROUPS ACTIVE IN EFFICIENCY INPROVEMENT FEELS THAT THERY HAVE:

a. NOT EXHAUSTED THE PRESENT APPROACH

b. IDENTIFIRD POSSIBILITIRS FOR FURTHER OPTIMITATION IN THEIR PARTICULAR
DBSIGNS.

¢. REASON TO BE CONFIDET OF REACHING 20% (AM 1.5) EFFICIENCY SOON.
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Schematic View of the Solar Cell That Has Everything

Photon Flux ¥ ¢ ¢ ¢ + ¢ ¥ ¢ ¢
Contact Grid Structure
Isolating Layer

7 Textured Surface
__—~AR Coating

A _—Passivating Layer
ARAR A AR //’-/f,f——Potentiol Step
‘ 7 m#~———Main Potential Barrier
"'r—" 7z
The B 2777777777 A" p Potential Step
e Basic ; Optical Reflector
Solar Cell /;///
I i o Passivating Layer
WAl Isolating Layer

Reduced Contact
Area

Is Heavy Doping Needed?

ITS PERFORMANCE-INCREASING APPLICATIONS:

® REDUCE SHEET RESISTANCE

[ ] OBTAIN LARGER HIGH/LOW JUNCTION POTENTIAL STEP, OR HIGHER DRIPY

FIELD.

ITS PERFORMANCE DECREASING ATTRIBUTES:

®  AUGER RECOMBINATION
®  BAND-GAP NARROWING.
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The Three Principal Paths to Reduced Recombination

DECREASE
1. DENSITY oF RECOMBINATION CENTERS
® IN BULK Ne  [en™3] —» HIGHER 1

® AT SURFACES N, [cm 2] —b> LOWER s

2. VOLUME oR AREA CONTAINING RECOMBINATION CENTERS:
® "THIN" LAYERS
® "DOT CONTACTS"

3. DENSITY ofF EXCESS MINORITY CARRIERS

® FAST REMOVAL TO OUTSIDE
@ "SHIELDING" WITH POTENTIAL STEPS FOR Ncoyy
© "ISOLATING” FROM HIGHER RECOMBINATION RATE FOR Voo

® H1GH DOPANT CONCENTRATION

Shielding With Potential Steps

GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECOMBINATION CURRENTS)

o - q8 (Ep-Ey, o)
BY: il - ;57;;T1 (FOR p-TYPE)

Jp(x)) = anplxpluy(x,,

P, (%)
- qnp(xl) E‘;L(q’- \12()(2)

DRIFT FIELD REGIONS

HIGH/LOW JUNCTIONS

ACCUMULATEON LAYERS (USUALLY UNDER INSULATORS. INCLUDING “TUNNEL CONTACTS"),
“FLOATING” PP JUNCTIONS (OR INVERSION LAYERS),

BANDGAP CHANGES (USUALLY 8Eg WITH HIGH/LOW JUNCTION. “WINDOW LAYER"),

LIMITS: !
INCREASED DOPING AT “LOW” SIDE REDUCES AVAILABLE STEP HEIGHT,
“MEAVY DOPING” EFFECTS ON “MIGH SIDE” LIMIT USEFUL STEP HEIGHT,
ABSORPTION W/0 COLLECTION IN "WINDOW LAYERS,”

INTERFACE STATES AT TRANSITION TO “WINDOW LAYER,”
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Isolating With Thick Layers

BRINCIPLE
| |
L
bactive ], . L HIGH »
' voLume | )
| i |
N et
ISOLATING LAYER
dz2 1L
LIMITS: ® ADEQUATELY HIGH L/,

® AFFECTS COLLECTION EFFICIENCY,
IF IN IPTICAL PATH.

Effective Bulk Recombination Mechanisms

INTRINSIC (INTERBAND) RECOMBINATION:

RADIATIVE ! ULTIMATELY
LINITS
AUGER? EPPICIENCY

EXTRIRSIC (BAND-TO-BOUND SYATE) RECOMBINATION:

THERMAL (PHONON ASSISTRD) SpH
{AUGER?)

EXTRINSIC RRCOMBIMATION CAN BE DECRRASED BY REDUCING THE NUNBER OF BOOUND
STATRS (RECOMBINATION CENTERS, °DEPECTS®).
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QUALITY
Knowledge of Defects
ARE SOME DEPECTS "INTRINSIC"?
(NEUTRAL DEFECT WITH ACTIVATION ENERGY B, AT PROCESS TEMPERATURE “FROLEN IN.®
1ONIZED PRACTION AT DEVICE OPERATION TEMPERATURE FORMS RECOMBINATION CENTER,
PARTICULARLY IN N-TYPE).
TRUELY EXTRINSIC (PROCESS-INDUCED) OEFECTS
® JIMPURITIES (O, C, Au, Ti, Mo, Pe, ... )
- BIG PROGRESS MADE IN DETECTING PRESENCF, DETERMINING CONCENTRATION.
OPEN QUESTION OPTEN 1S: INTERSTITIAL, SUBSTITUTIONAL, COMPLEXED, OR
PRECIPATED?
- 0: PRIMARY SOURCE: CRUCIBLE IN Cz PROCESS. TECHNIQUES KNOWN TO REDUCE
O-CONTENT TO 0.1 OF STANDARD LARGE-CRUCIBLE Cz PROCESS.
O-CONTENT INCREASES WITH C- OR B-CONTENT. .
@ CRYSTAL GROWTH DEPECTS. !
- 381G PROGRESS MADE IN DETECTION, IDENTIPYING CRYSTAL GROWTH DEFECTS.
- STRONGLY CONNECTED WITH THE CRYSTAL GROWTH TECHNOLOGY APPLIED;
TECHNOLOGY APPLIED SEEMS PRIMARILY DETERMINED BY THROUGTHPUT, PRICE,
AND WHAT THE MAJORITY OF "“SERS ARE WILLING TO ACCEPT.
Reduce Volume Recombination Center Density
® ORIGINAL MATERIAL PROCESSING: '
- FEWER IMPURITIES
- ROLES OF OXYGEN, CARBOIN? }
- FEWER CRYSTAL DEFECTS (THERMAL ENVIRONMENT IN X-1AL GROWTH?) L
-~ ROLES OF DEFECT COMPLEXES &
® DEVICE PROCESSING:
= NO NEW IMPURITY INTRODUCTION :
- REMOVE EXISTING DEFECTS (GETTERING)
~ AVOID TRANSFORMATION OF DEFECTS TO RECOMBINATION CENTERS
(EFFECTS OF THERM. L PROCESSES?) ~
~ FOSTER TRANSFORMATION OF RECOMBINATION CENTERS TC HARMLESS
DEFECTS (PASSIVATION: C/ANGES OF UOMPLEXES?: ROLE OF HYDROGEN?)
i
}
67
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Steps toward Reduced Number of Recombination Centers

1.

IORNTIFY °DEFBCT(S)" WRICH
FORM RECONBIBRATION CENTER(S)

IDENTIFY SOURCE(S) OF DRFECT(S)

PIND WAYS FOR ELIMINATING

BROAD RANGE OF DEFECTS AND OF ENRRGY
LEVRLS IDENTIFIRD

-  INTERCOMNRCTION AND RELMTIONSHIP TO
RETONBINATION CENTRR, MWADE IN ONLY

A FEW CASES.

OSOALLY NOT KNOWN.

STILL MOSTLY ®"BLACK ART.®

SOURCE(S) OF DRFECT(S)

PASSIVATE EXISTING DRPECTS

b.
c’

e T e

LITTLE KNOWN. 1S H* THR BROAD

1

SPECTRUN ANTIBIOT.C*?

Swanson’s Prescription for Processing
for Reduced Recombination

NEVER USE NETAL TWEEZIERS ON WAFERS

ALMAYS PERFORN RCA CLEARING BLZORE NI1GR TENPRRATURR PR.URSS STRPS.
PROCESS IN A CLASS 100 CLEAN AREA

PERIODICALLY CLEAN FURNACE TOUBES WITE RCl.

Passivation With Hydrogen

[ IT CAN NEOTRALIZE RECOMEINATION CENTERS, APPARENTLY SVEN

DEEP IN THE BULK, PARTICULARLY AT GRAIN PODNDARIRS.

[} HYDROGEN IMPLANTS PASSIVATE DANGLING BONDS, WHEREVER

HYDROGEM IONS REACH THEM.

[} HYDROGEN IMPLANTS MAY POSSIBLY ALSO PASSIVATE DEEP LEVELS

(INPURITIRS) in S81.

[} THR "’ .LANTATION® OPF NYDROGEN IONS, EVEN AT LOW ENERGIES

CAUSES SPUTTER ETCAING, LAT:ICE DAMAGE (200 A DERP AT
400ev).

® K7DROGEN CAUSES NORR LATTICE DAMAGE THAN ARGON, EVEN

ANORPEIEZX® SURFACE LAYER, BUT PFRWEF DANGLING BONDS
("PAZSIVATZS ITS OWM DAMAGE®)

[ WHETARER PASSIVATION DOMIMNATES OVER INTRODUCED DAMAGE DEPENDS

O INPLANTATION ENKRGY, PRIOR PROCRSS NISTORY.

] AYDROGEN IS ALSO KNOWN TO NEUTRALIZE B AS AN ACCEPTOR.
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=

P Reducing Surface Defects

= 1 I. OXIDATION

! o MOST MIGH EFPICIENCY CELLS NOW USE SOME PORX OP OXYDE PASSIVATION.

. ¢ REMAINING SURZACE RECONBINATION VELOCITY IS PUNCTION OF PREPARATION

) PROCEDURR FOR FORMING OXIDE LAYER.

i e DRY TRERMAL OXI1DE FPOLLOWED BY LOW TKMPERATURE HYDROGENATION CAN YIRLD
M1.-GAP STATE DENSITIES NEAR 1.1010/(Cn2 ev), BUT .. iDATION POLLOWED sY
E;e ’ AN INERT ATMOSPHERE ANNEAL CAN YIELD 1.10%/(CM2 ev), t.e = 2 - 5 cm/s IN
RIGE LEVEL INECTION.
i ® NITRIDING OXIDE LAYERS MAY IMPORVE STABILITY, RADIATION RESISTANCE OF
' PASSIVATION LAYERS.

L
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SZ (IOO}

_—_752 Yee w
o &r{g(g Lajer
o Second Layer

Pdt I’lﬂj or

/\)\ LDimer NModel
S cond layer

e

o« Top Layer
d 2x1
Reconstruction
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PLENARY SESSIONS
Modeling
[ ] THE “MODELERS® CAN ONLY INCOKRPORATE THE PHYSICS AS PRESENTLY
UNDERSTOOD.
[] DIFFUSION PROFILES CAN BE “ANOMALOUS,"™ DEPEND ON MATERIAL
PERFECTION.
[ ] THE ACHIEVEMENT OF THE ULTIMATE EFFICIENCIES WILL REQUIRE
THE DFVIAILED SIMULATION OF ALL EFFECTS. THIS NEEDS 2- AND
3-'IMENSIONAL CAPABILITIES.
[ ] +UCH SIHMULATION CANNOT BE ANALYTICAL, BUT MAY, FOR SPEED AND
C T-SAVINGS, BE QUASI-NUMERICA..
ANALYSIS
[ ] MATEIIAL ANALYSIS HAS REACHED IMPRESSIVE CAPABILITIES.
[ ) IN DEVICE ANALYSIS, THE SEPARATION OF BASE AND EMITTER
CONTRIBUTIONS TO SATURATION CURRENT IS STILL TENUOUS,
OFTEN LEADING TO CONFLICTING RESULTS.
[ PROGRESS IS BEING MADE IN DEVELOPING METHODS TO PERMIT

DETERMINATIGN OF RECOMBINATION RATES IN DIPFERENT PARTS

OF THE DEVICE, BUT FURTHER ADVANCES ARE NEEDED.

) b ™)

svrlace
region
ves o

v toil- ]

| region \‘ .
\
.

= 3
(a) Schematic draving of tha kink-tail structure of P profile,

vhich, byporhetically, may be obtained by adding (b) profi’re of phy-
sically distinguishsble A snd B atoms diffusing independen. .y.
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PLENARY SESSIONS

Low-Cast Crystalline Si Is Primarily:

® ®CAST" INGOT MATERIAL (SEMIX, SILSO, HEM, etc.)
® NOT-SINGLE CRYSTALLINE RIBBON (BFG, LASS, etc.)

[l
FFORTS TO INCREASE GRAIN SIZE, REDUCE DEPBCTS,l

PASSIVATE REMAINING ONES, ALL SHOW PROGRESS.

BUT: IT SEEMS IMPOSSIELE TO COMPLETELY [ (SSIVATE
ALL THE DEFECTS ASSOCIATED WITH GRAIN BOUNDARIES

ALSO: FASTZR, LESS CONTRULLEL GROWTH MAY ALWAYS RESULT
IN INCREASED NUMBERS OF IMPURITIES, CRYSTAL DEFECTS.

CONSEQUENTLY: THE GLTIMATELY ACHIEVABLE PERFORMANCE MARGIN
PELATIVE TO THAT OF SINGLE CRYSTAL DEVICES IS
NOT KNOWN.

[} WEB-DENDRITE RIBBON IS IN A CLASS BY ITSELF.
MAY HAVE POSSIBILITY, WITH INTERNAL GETTERING AT TWIN
PLARES, TO SURPASS THE QUALITY OF SINGLE CRYSTAL WAFERS.

IN ALL METHODS, THE CONTROL OF THE THERMAL ENVIRONMENT
DURING AND SHORTLY AFTER GROWTH APPEARS IMPCRTANT.
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PLENARY SESSIONS

Final Discussion

FOR HIGHER EFPICIENCIES (AT LEAST > 20%), BETTER SINGLE
CRYSTAL Si IS NEEDED.

IT SHOULD BER POSSIBLE TO BRING Cz Si TO THE SAME LOW-
RECOMBINATION LEVEL AS Py Si.

HOW CAN DEVICES BE FABRICATED FROM THIS Si WITHOUT GREATLY
INCREASING THE RRCOMBINATION CENTER DENSITY?

ARE SPECIAL Si QUALITIES NERDED TO PERMIT SUCH PROCESSING?
HCW CAN THE PROGRESS MADE IN MATERIAL SCICNCE BE TRANSLATED
INTO BETTER PROCRSSING METHODS?

IF SOLAR CELL FABRICATORS WOULD SPECIFY THE QUALITY OF Si
THRY MEED, WOULD Si MANUFACTURERS DELIVER TO THESE SPEBCIFI-

CATIONS?
DO SOLAR CELL FABRICATORS KNOW WHAT SPECIFICATIONS TO WRITE?

74
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N85-32397
HIGH-EFFICIENCY MODULE AND ARRAY RESEARCH
JET PRQCPULSION LABORATORY

R.G. Ross, Jr.

Module High-Efficiency Research Thrusts

| ® Development of medule technologies contributing to high
;.1 efficiency

e High cell packing factors
o Low optical losses
® Low electrical mismatch losses
e Low operating temperatures
® Development of reliability technologies required to maintain
high efficiency of:
e Cells
¢ Optical coatings
* Encapsulants

Module Technologies Contributing to High Efficiency

® High cell-packing factors
» Narrow borders, close ce" spacing
o Large modules

® Low optical losses

e Antireflection coatings

® Antisoiiing coatings

e High-transmittance encapsulants
® Low electrical-mismatch losses

e Series-paralleling
e Cell sorting

e R commb—— - S

o Low operating temperatures
e Good convective cooling of moduls rear surface
¢ High-emittance, high-reflectance rear surface
* Low IR-absorptance front surface
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Unique Issues Associated With Reliability
of High-Efficiency Modules

* Reliability of:
» High-efficiency cells
* Narrow module borders
e Antisoiling coatings
e Antireflection coatings on glass-air interfaces

FY85 Research Related to High-Efficiency Mcdules

¢ Module temnerature reduction with [IR-reflecting cells (Spire)
* Reliability of antisciling coatings (Springborn)

¢ Reliability of modules with narrow borders (JPL, Wyle)

* Reliusility of high-efficiency cells {Cilemson)

» Verification of overall modiile performance
(JPL, Spire, Westinghouse)
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FLAT-PLATE MODULE EFFICIENCY VS COST TRADEOFFS
JET PROPULSION LABORATORY

R.W. Aster

Objective

The study objective is to use the Five-Year Research Plan energy
cost methodology and to perform in-depth analyses based on the
extensive data that are relevant to PV systems to facilitate the

. accomplishment of the $0.15/kWh energy cost goal

The basis for the Five-Year Rescarch Plan energy cust methodology
is the equation:

— [ FCR smsoom]
EC= ﬁNSOJ [INDC][A($MSQMD +$MSQBS) + $ KWBS] + Ae G+ CRF [———WSOL

Parameters Varied in the Study

Parameter Range Nominal Value
Module efficiency® (25°C) [3% - 30% 15%
Module cost,” $/m2 30-500 90
Type** Fixed, one-axis, two-axis
Insolation 2000 (F), 2400 (1), 2600 (2)
Energy cost,” ¢/kWh 10-25 15
Fixed charge rate 0.11.0.203 0.153
Indirect costs 1.3-2.1 1.5
0&M Cost, $im2 0.11%-8.82 (F), 0.19-10.02 (T)| 1.1 (F), 1.4 (1&2)
Area-relatad BOS, $im2 50 (F), 68 (1), 80 (2)
BOS efficiency, % 0.755-0.930 0.865
Module degradation rate  |0.45% - 0.75%]yr 0.5%lyr
Module replacement rate  (0,05.0.00001/yr 0.004/yr
Module cleaning frequency |0.12/yr None

*Indicates sensitivities shown in this presentation
**F = Fixed, T = Tracking
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Other Baseline Parameters

Values for the other baseline parameters were described at the
23rd PIM. However, since that time the bassline vaiues for
insolation have changed:

Tracking Option Insolation Values (kWhim2fyr} 1
23rd PIM Current Baseline
Fixed 2250 2000
One-axis 2700 2400
Two-axis 2925 2600

Allowable Module Cost, $/m2, vs Module
Efficiency and Energy Cost

Ef'g'{d"" Energy Cost, $/kWh
weste, | 00 ease 220 025 030
H
9 -1 25 61 97 132 .
12 10 57 105 153 201 '
15 30 8p° 150 209 269
18 51 122 194 265 337
*DOE goals and JPL milestones. M
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Allowable Module Costs for Various Energy Costs
350 T T \ T T T T —
O 206/kWh
300}- A 254KWh
O 204wh
¢ 250 ® 15¢kWh
) - 0 10¢/xWh
) 8 200|-
§ 150
g 1
E
L T 5
i
¢ sl s 1
‘ 0.09 0.1 0.13 0.15 0.17
MODULE EFFICIENCY (STC)
Allowable Module Cost vs Module Efficiency
and Insolation, $/m2
Annual Insolation (kWh/mZ2/yr) o
Module Fixed: 1833) 20602 22503 24904
Efficiency, One-axis: 2200 2400 o 28980
% (STC) Two-exis: 2380 2600 N 3130
9 e 25 » 1
12 45 57 i 1
15 15 20 N AP
18 104 122 14 185
s j— )
1Typical for the Southeast
2Typical for the greater Southwest region
3Typical for Nevada, Arizona, Now Mexico, southern Utsh,
portions of California and Texas
4phoenix, Albuquergue
ﬂ
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PLENARY SESSIONS

Allowable Module Costs for Various Insolation Levzls

';g 1 T T T T T ;
:50 T A 2890 kwh

O 2700 kwh
W0 @ 2400 kWh

130
120
110
100

90

0 2200 kwn

T

1

ALLOWASLE MODINE CO3T, $imZ
3

1 | 1

B N S W O

0.09 031 013 0%
MODULE EFFICIENCY STC)

Energy Cost vs Module Coct and Efficiency, $/kWh

Ef':li:;lule Module Cost, $/m2
sacy,
% (STC) 30 60 90 200 500
0.44 0.57 0.69 1.15
, 8 0.23 0.29 0.35 0.58
0.16 0.20 0.24 0.39
12 0.12 0.15 0.13 0.30 0.61
[ 0.13 0.15° 0.24 0.49
18 0.13 6.20 0.41

*DOE goal and JPL milestone.
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Flat-Plate Allocation Guidelines

The Allocation Guidelines are a wurking tool of FSA Project
management. They provide targets for PV k&D chat a1«

coi.listent with the accomplishment of DOE milestones for FSA

and the overall energy cost gos! of the PV Program

Alignment of the Allocation Guide.ines to the DOE energy goal

produces module cost guidelines that are parametiic with
module efficiency. This prcuides researchers with a trol to

make appropriate tradeoffs hetween cost and efficiency at the

subsystem level

Baselu.« Allocation Guidelines {$0.15/kWh)

Module Efficiency 'STC)

0.13 0.14 0.15 0.18
Shoet, $/mZ sheet * 24 ok | 36 37
Cells, $/m2 call*® 2r 25 30 40
Encapsulasis, $/m2 moriula 14 14 14 14
Fabrication, $im2 r.odule 12 17 12 12
Total, #'@2 module | es 13 80 100

“To convert to $/m2 module, multiply by 0.995 to account

for yields and packing efficiency.

**To zoavert t0 $/m? madule. muliiply by 0.927 to account
for packing efficiency and module vieid.
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PLENARY SESSIONS

Conclusion

The Allocation Guidelines are designed to be consistent with
FSA milestones for module cost ($90/m2), module efficiency
(159, STC), and the programmatic goal for energy cost
($0.15/kWh)

They are research targeis that appear to be achievable, given
prior accomplishments and planned activities in the areas of:
¢ Low-cost silicon purification
¢ Low-cost sheet material
¢ High-efficiency cell processing
¢ Low-cost, long-life encapsulants
¢ Automated fabrication methods

Extensive sensitivity analysis work has been performed that
shows that these guidelines represent an efficient way to meet
the intent of tha DOE program

c-2
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THE FUTURE OF C.RYSTALLINE SILICON TECHNOLOGY
IN THE U.S. DEPARTMENT OF ENERGY PROGRAM

U.S. DEPARTMENT OF ENERGY

Anthony F. Scolaro

o THE POTENTIAL ENERGY CONVERSION EFFICIENCY OF CRYSTAL! INE SILICON SOLAR CELLS IS AMONG THE
K1GHEST OF POTENTIAL EFFICIENCIES FOR ONE JUNCTION CELLS.

EFFICIENCY (%)

SERI AM1.5 GLOBAL -
28 ! L1 1
1.0 1.2 14 16
Eg (eV)
83
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ORIGINAL PAGE 1§
OF POOR QUALITY

Five-Year Research Plan Goals for Crystalline Silicon

1984 1985 1986 1087 1988 1
FY 84 FY 85 FY 88 Fy 87 FY 88
2z SKICON MATERIALS [/ 07777/ < $20m0
<y ~
5| movanceo sucon sueET 22 i e S
=m==;=== |
s i
9 5 FLAT PLATE COLLECTORS [777777727 7 % 72
3 W [ 8icen 18%] Simod. 125 81 Cent 20| Si Mod. 14%] 81 Mod. 16%
(1cm?) ($100:m?) (1 cm?) ($90/m?) ($00/m?)
25
< MODWLE RELKBILITY 17777 % % 2,
a % Complete | Define T.F. Complete Verity Assess Lite
30-Yr. Encapsulation | Environmental Cryst.-8it of T.F.
Model Requirements | Tests 30-Yr. Lite Modules

AProgram Milastone

L ]

#Cost Milestones Assume Further industrial

Development and Scale-up, Efficiencies
Are Mersured at 28°C and AM 1.5.

Issues to Be Addressed: Silicon Materials

e DEVELOP A PRODUCT WITH ACCEPT SLE PURITY FROM A FLUIDIZED BED REACTOR

o CONRSRCIALIZE FLUIDIZED BED REACTOR TECHNOLOGY

¢ TO BE COMPLETED IN FY 1985
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PLENARY SESSIONS

Issues to Be Addressed. Advanced Silicon Sheet

o DEVELOP BASIC UNDERSTANDING OF THE HIGH SPEED SILICON CRYSTALLIZATION
o CONTROL CRYSTALLIZATION TO DEVELOP HIGH PURITY/LOW DEFECT DENSITY MATERIAL

¢ DEVELOP THE TECHNOLOGY TO SEMSE AND MITIGATE CHANGES IN THE GROWTH ENVIRONMENT,
ENABLING LONG-TERM GROWTH

o TO BE CONPLETED IN FY 1930

Issues to Be Addressed: Flat-Plate Collectors

o UNDERSTAND DEVICE PARAMETER SENS'TIVITIES, 1.E. SURFACE AND RULK RECOMBINATION
o IDENTIFY AND DEVELOP PROCESSES TO OBTAIN THE DESIRED DEVICE PARAMETERS

o PERFORM RESEARCH TO DEMONSTRATE THAT HI6H EFFICIENCY CELL PROCESSES CAN BE COST-
EFFECTIVE

o CONTINUING EFFORT

Issues to Be Addressed: Module Reliability

o MITIGATE THE EFFECTS OF ALREADY IDEMTIFIED MODULE DERRADATION MODES, 1.E.
ELECTROCHEMICAL CORROSION, BOND DELAMINATION, PHOTOTHERMAL OXTDATION, ELECTRICAL
INSULATION BREAKDOWN

o DEVELOP AN UNDERSTANDING OF AGING PROCESSES, INCLUDING SYNERGISTIC EFFECTS,
TO ENABLE ACCELERATED TESTING

e T0 BE COMPLETED IN FY 1987

85
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PV Product Growth Stages

o THE SYGNIFICANT PROGRESS OF CRYSTALLINE SILICON TECHNOLOEY DEVELOPMENT ALONG THE PRODUCT
GROWTH CURVE POSITIONS THE TECHNOLOGY TO BE A MAJOR CONTRIBUTOR TO PV TECHNOLOGY MARKET

GRONTH.
|
A (
TECHNOLOGY !
| _VOLUME
; tRoDUCTION
i !
- : o Cz |
§ l | ! um'muo
b ] ' | e Ribbon 8i L
I} lee®) 0’ |
:omg..: : ¢ Cast 8l |
()
. sMultljunctions ¢ a-8 | LOW LEVEL !
GRAND ® Thin Flim prooucrion/ |
AEOIC
GoAs '
' sLow
: PROGRESS |
PAOBLEMS |
—-1 '
|
]

1 ] ] 1

———eee 16 = 20 YEARS e

Summary
o SILICON HAS A VERY HiGH POTENTIAL EFFICIENCY, DEMONSTRATED IMPROVEMENT IN
RELIABILITY AND A SIGNIFICANT POTENTIAL FOR COST REDUCTIONS.
o [HE PHOTOVOLTAIC TECHNOLOGY DEVELCPMENT PROCESS IS HIGHLY UNCERTAIN, BUT

CRYSTALLINE STLICON TECHNOLOGY HAS A SUBSTAWTIAL KNOWLEDGE BASE TO DRAW FROM,
INPROVING 1TS CHANCES OF SUCCESS.
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Systems Requirements

® PV ARRAY DESIGN LIFETIME 20 YEARS MINIMUM

® AVAILABLE ROOFTOP AREA — ABOUT 36,000 SQ. FT.
® ARRAY ROOFTOPS — WATERTIGHT
1 @ INSTRUMENTATION NETWORK — ODAS; WEATHER STATION:
MODULES AND ROCFTOP
TEMPERATURE
® MAINTENANCE AND REPAIR —~ MODULE REMOVAL: TEST
) EQUIPMENT; REMOTE MONITOR;
ALARMS
é‘ ® SAFETY — ELECTRICAL: MECHANICAL:
h SNOW/ICE
o
s
. i
}
:
&
4
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SYSTEM DESIGN AND WIRING TOPOLOGY

System Design and Performance

® PEAK POWER AT STANDARD CONDITIONS

@ ARRAY ELECTRICAL DESIGN

® ARRAY OUTPUT VOLTAGE

® MAIN BUS CURRENT AT PEAK POWER

95

300 kw, MIN.

BIPOLAR, NEUTRAL f

RESISTIVELY GROUNDED

+ 228 VvVDC

660 ADC
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4
( PHENEF Simplified Block Diagram
"ELECTRICAL EQUIPMENT ROOM T T 1
10 BRANCH g
321 kw crcurrs | cirdd |
' |
‘r:. ARRAY BOWER ( oc i
COLLECTION .
sroLan |l anD +—» CopTATTMENT L ) :ch:cE:on —»! INVERTER H THANSFORMERS
souRce ELECTRICAL o ROLS |
CIRCUITS PROTECTION | | | !
| ‘ l !
| ]
| l ’ |
TEMP. SENSORS R |
T 00As  ta— o~ HARMONIC .
. FILTER/ ] &
rF ¢
I CORRECTION | f
| | ;
S S R = !
38 PV MODULE RIPOLAR 1 ’
soumce cincur TO UTILITY i
P ' WEATHER INTERTIE
ror STATION
"
oy

Module Flectrical Characteristics
® 72 WATTS MINIMUM LOT AVERAGE AT 16.2 VOLTS
® 67 WATTS MODULE MINIMUM
® MEASURED AT 1000 W/MZ2, AM 1.5, 28°C
® 3000 VOLT ELECTRICAL VOLTAGE INSULATION : 'i
® 3 ENCAPSUALTED BYPASS DIODES (12 CELLS/DIODE)

& SOLARLOK CONNECTORS (UL RECOGNIZED)

® SIZE: TWO FT. BY FOUR FT. LAMINATE

96
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PV Module

® FULLY TESTED BY JPL PER BLOCK V 5101-162

® PF,ODUCTION ADHERES TO PREDETERMINED MANUFACTURING
PROCESSES

@ MODULES SUBJECTED TO UL-790 FIRE RESISTANCE TEST
@ FULL MECHANICAL/VISUAL !NSPECTION

@ PREDETERMINED ACCEPTANCE TEST PROCEDURES

® HUGHES—FURNISHED REFERENCE CELL STANDARDS
(DSET/ASTM #178)

e CALIBRATED MODULES
e SOURCE INSPECTION/LOT SAMPLES

@ SOLAREX HAS DELIVERED MODULES ABOUT 4 PERCENT
ABOVE SPECS.

PV Module Matching

® MODULSS SEGREGATED iINTO 12 CURRENT GRADES

® MODULES MATCHED TO WITHIF! + .025 AMPS PER GRADE

® MODULES PACKAGED 18 PER BOX: SAME GRADY
e ONE HALF BIPOLE ‘

® ROOFTCP MODULE CIRCUIT LAYOUT MAPPED BY GRADE

e LOWER PERFORMANCE GRADES INTO SHADOW
PRONE AREAS

97
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N85-32401
BLOCK V MODULE PROGRAM

JET PROPULSION LABORATORY

M.1. Smoklier

Program Configuration

@ Perform module design

® Manufacture 10 medules

# Conduct Block V qualification test sequence

* Modify design to correct problems, as necessary

@ Conduct design review

@ Manufacture 10 modules

® Conduct Block V qualification test sequence

¢ Modify design, as necessary, and supply madules for retest

® Prepare final report

Program Status: Remaining Events

item Expected
Qualification tests completed 12/84
Final reports submitted 2/85
JPL user handbook issved 3/85
99
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Test Experience

¢ Negligible problems

Hail damage

Unacceptable cell cracks

interconnect failure

Hot spot fallure

¢ Continuing problems

Uncured ercapsulant

Delamination

Frame/mounting degradation

High-voltage breakdown

Inadequate ground continuity

Junction box warp

Measurement Problems Solved

Problem

Current up to 27A

Module diagongl up to 2.2 m

No custom-made reference celis

100

Solution

High current elactronic load
{to 50 A nominal)

Uniform irradiance field
(< 2% non-uniformity)

AM1.5 simulator spectrum
(1% max mismatch)
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Module Power Trend
1 LD T T 1 1
200 vV
'00 - w -1
= | i
g
2 [~ 0 (1] -
2
8 20 -
=
10 CELL TEMP: 25°C -
~ INSOLATION: 100 mW/cmZ, AM1.5 -1
f L 1 1 1 1 1
75 76 77 78 19 80 81 82 83 84
YEAR
Packing Factor Trend
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Cell and Circuit Characteristics
Cell Circuit
Size, Base Parallel Bypass
Qty mm Shape Material Cells Diodes
ARCO 12 97 x 97 “Square” C2 6 0
GE 72 {100 x 100 | “Square” Cz 2 3
MSEC 432 | 48 x 95 Rect. EFG 12 0
SOLAREX | 117 ([ 10% x 101 Square Sem: 9 0
SPIRE 12 91 x 94 “Square” Cz 2 k|
Module Physical Characteristics
Size, m Super- Pack.
Length | Width | Strate | Encap. Bottom Cover Fetr
ARCO 1.22 | 0.80 Glass EVA TED/POLY/TED 0.90
GE 1.852 | C.81® TED/POLY/AYTED 0.90
MSEC 1.79 | 1.20 POLY/ANTED 0.89
SOLAREX | 1.39 | 0.96 POLY/MYLAR/TED 0.88
SPIRE 1.13 | 0.60 T TEDLAR 0.76
3]acludes roofing material
102
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Slectrical Performance
INSOLATION: 100 mWjcm2
CELL TEMP: 25°C
! Mod. Celi»
Pmax' vaax' le.l, E"l: E'f-r
w v A % %
ARCO 84.1 5.82 144 113 12.6
GE 81.4 16.9 4.82 19.5 1.7
MSEC 182 15.3 11.9 8.3 9.3
SOLAREX | 139 5.84 238 10.3 11.7
SPIRE 11 16.1 4.38 10.1 133
8Encapsulated
Cell Efficiency Trend
1 T T T T T T T T
15.0
* v
] i
g 125 o ]
; l
E 100
:
§ 15 CELL TEMP: 25°C
= INSOLATION: 100 mWicm2, AM1.5
5.0 1 1 i L 1 1 I 1 i
75 76 77 78 79 87 81 82 83
YEAR
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_ Module Efficiency Trend
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Module Cost Trend
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é Summary

o The Block V Module Program will be
completed in early 1985

¢ The principal improvements ara
Large modules
High performance more common '

Several former design problems solved

~
3
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N85-32402
Technical Sessions

RELIABILITY PHYSICS

Edward F. Cuddihy and
Ronald G. Ross, Jr., Chairmen

Ranty H. Liang of JPL reported on Studies of Photothermal Degradation in
Encapsulants. The fundamental mechanisms aad associated reaction kinetics of
the thermal and photothermal yellowing of EVA are described. EVA will yellow
dvring dark-oven aging at elevated temperatures, and will also yellow in the
presence of UV. But the UV will induce a partial photobleaching of the thermal
yellowing. Because the kinetice of the thermal vellowing, UV yellowing, and
UV bleaching are different, the overall yellowing of VA is not c¢imply related
to UV intensity and temperature. The work described seeks to derive the
overall reaction kinetics of EVA yellowing as part of the development of a
life-prediction methodology.

C.C. Gonzalez and R.G. Ross, Jr., of JPL reported on Predi:cting
Photothermal Field Performance. A preliminary kinetics model of EVA yellowing
was generated from the fundamentzl work described in the previous presentation.
Using this model and SOLMET weather data, predictions of the level of weather-
induced yellowing in EVA from 30 years of simulated outdoor exposure in Phoenix
were generated. Yellowing of EVA results in optical absorption of tramsmitted
sunlight, thereby reducing the power cutput of solar cells encapulsated in EVA.
This preliminary work indicated power losses amounting to near 3.52 for ground-
mounted arrays, and power losses approaching 7.9% for roof-mounted arravys,
which typically operate at higher temperatures than ground-mounted arrays.

J. Guillet of 'niversity of Toronto reported on Micromolecular Modeling.
This contract work seeks to davelop a reaction-kinetics-based model of the
overall photodegradation process experienced by encapsulatants in an outdoor
weather environmment. Inasmuich as well over 50 individual reaction mechanisms
have been identified, part of this work is to develop a computer abhility to
solve all of the rection kinetic equations simultaneously for life-prediction
purposes, and for chemical information related to the selection of the most
effective stabilizing additives for weather-sensitive encapsulants such as EVA,
The computerized model indicates that a combination of a UV absorber and a
hindered amine light stabilizer (HALS) wculd be au effective stabilizing system.

P. Gomez, S.K. Fu, and O. Vogl of the Polytechnic Institute of New York
reported on Polywarizable Ultraviolet Stabilizers. Pelytechnic Institute of
New York carries out chemical synthesis of advanced polymeric and :eactive
stabilization additives for polymeric materials, such as EVA, These additives,
such as protective UV~-absorbing agents, are resistant to high-temperature
phyvsical losses. The latest developments in this area were presented.

P. Willis o1 Spriaghorn Laboratories, Inc., reported on Encapsulated

Materials Research. Springborrn Laboratories updated its continuing work om
long-1if2, weather-stable encapsulation materials for photovoltaic modules.
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The program emphasis at Springborn has shifted from material development and
identification to life~assessment experiments, and to the identification

and/or development of stabilization additives for encapsulation materials.

Two items of significauce were presented: (1) preliminary experimental testing
is supporting the combination of a UV absorber and HALS as an effective
stabilization system, as theoretically derived at the University of Toronto,
and (2) the significant usefulness of the outdoor heating racks (called OPTs

in the Springborn presentation) as an acceleratzd weathering technique.

J. Koenig of Case Western Reserve University reported on EVA-Glass
Interface Bond Stability. Koenig and Boerio (see below) have developed the
technology to investigate a chemically bonded interface for direct acquisition
of chemical information on both bonding and aging mechanisms. The technology
is based on Fourier transform infrared techniques (FTIR). Koenig presented
FTIR spectra of the bonded interface between EVA and glass, which had been
hydrolytically aged for at least cne week in 80°C water. The early results
indicate strong possibilities for a long-term weather-stable interfacial
borni. The EVA-glass primer system is the one develcped by Dow vorning Corp.
for FSA, of which experimental quantities can be obtained from Springborn
Laboratories under the designation A-11861.

J. Boerio of the University of Cincinnati reported on Inrerface Bonding
Stability. Boerio's efforts are identical with those of Xoenig, except that
the emphasis of his study is on polymers and metals, such as EVA and
aluminum. These intav{acial chzmistries can be quite distinct from those
between EVA and glass, for example. Recently Dow Corning observed that EVA
bonds strongly to aluminized back surfaces of solar cells, when using the
standard A-1186]1 EVA-glass primer system., Ordinarily EVA bonds weakly to
aluminum foil or sheet stock, using the same primer, and therefore this
obgervation with the solar cells was not expected. BEoerio described his
examination of the aluminized back surface using SEM and EDS, and reported his
initial findings that the back surface appears to be a mixture of alumninum and
silicon. If it can be assumed that the silicon may be present as an oxide or
hydroxide, then perhaps the back surface has glass~like chemistry, which would
help to explain the Dow Corning observation. If true, the self-priming EVA
being developed jointly by Dow Corning and Springbora for glass would also
work with solar cells. More work in this area is planned.

G.R. Mon of JPL reported on Topics in Electrochemical Degradation of
Photovoltaic Modules. Various topics related to the poteantial for electro-
chemical degradation of phctovoltaic modules during 30 years of service in the
natural outdoor weatherirg anvircnment were presented. These included (1) the
relationship between leagkage curvent and electrochemical degradation, with
emphasis on the eiforts of positive and negative polarity, and the dependency
of temperature and humidity; (2) a discussion of leakage current .esponse
mechanisms, ard (3) considerations related to laboratory eimulation of outdoor
behavior to derive ac:2leration factors for module life prediction, and module
qualification rests related to electrochem’cal susceptibility.

J. Orehotsky of Wilkes Collage reported on Polymer-Water Interaction
Studies. Electrochemical susceptihility requires absorption of water by the
encapsulation pottants, such as EVA and PVB. A new contract activity has been
initiuted at Wilkes College to determine experimentally the magnitudes and

108
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rates of the absorption and desorption of atmospheric water vapor by pottant
materials. This study includes the dependency on magnitude and change rate of
temperature and relative humidity. The discussion included the background for
the experimental studies, details of the experimental tachniques, and
preliminary expe.imental data related to (1) water absorption and desorptic:
kinetics in EVA and PVB, (2} humidity dependence of electrical properties o.
EVA and PVB, and (3) influence of plasticizer in PVB on water absorption and
electrical properties,

109
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N85-32403
PHOTOTHERM AL DEGRADATION STUDIES

OF ENCAPSULANTS

JET PROPULSION LABORATORY

Ranty H. Liang

Objectives

® DEVELOP TECHMOLOGY BASE FOR MATERIALS W1iTH 30 years LIFE WITH
RESPECT TO PHOTOTHERMAL DEGRADATION

¢ DEVELOP VALID ACCELERATED PHOTOTHERMAL TESTING PROCEDURES
FOR EVALUATION OF ENCAPSULANTS

* DEVELOP DATA BASE OF PHOTOTHERMAL REACTION RATES WITH
RESPECT TO PHOTGTHERM AL STRESSES

o DEVELOP MODEL TO PRED!CT LIFE TIME ¢ ENCAPSULANTS WITH
RESPECT TO PHOTOTHERMAL DEGRADATION

* DEVELOP NECESSARY STABILIZERS TO ACHIEVE 30 years LIFE

Approach ,

e PARAMETRIC PERFCRMANCE CHARACTER!ZATION OF MATERIALS WITH
RESPECY TO PHOTOTHERMAL STRESSES

C. GONZALEZ ® MARCO - PERFOR!*NCE MODELLING

o MECHAN:STIC STUDIES OF FHOTOTHERMAL DEGRADATION AT .
MOLECULAR LEVEL s

U. OF TORONTO ¢ MICROMOLECULAR KINETIC MODELLING

BROOKLYN TECH ® SYNTHESIS OF STABILIZERS BASED ON MOLECULAR UNDERSTANDING
OF DEGRADATION MECHANISMS

PRECEDING PAGE BLANK NOT FILMED
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Mechanistic Studies of Photothermal Degradation

® OBJECTIVES
8 TO STUDY MECHANISTIC PATHWAYS OF PHOTOTHERMAL DEGRADATICN

¢ TO DETERMINE PHOTOTHERMAL REACTION RATES SOR MICROMOLECULAR
KINETIC MCOELLING

* APPROACH

o LASER - FLASH ESR SPECTROSCOPY 7O DETERMINE KEY REACTION
INTERMEDIATES AND THEIR KINETICS

ESR Spectrum of Photogenerated Carbon Radical
in Vacuum at Room Temperature

206
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Time Protile of Tertiary Carbon Radical
at Room Temperature

N

12 sec

ON
~|
L

TIME —

OFF

ESR Spectra of Photogenerated Radicals
in Air at Room Temperature

2006
OBSERVED

(a) T t

TERTIARY CARBON RADICAL

(b)

PEROXY RADICAL
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Kinetic Studies of Photogenerated Tertiary Carbon
Radicals as a Function of Oxygen Concentration

[0,] CONCENTRATION

U TORR

1 TORR

10 TORR -

50 TORR W"“

LIGHT

TIME

Mechanism of Photooxidation

R-R v R
K

R-+R  _ 1 _ R-R  CROSSLINKING

R +0, 9 RO,-  OXIDATION

RO, + RH . T R-

PRELIMINARY RESULTS
kot 102 Jitesimole sec
k * L3 x 10 2/sec

Ky ® 10 Vsec
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Conclusions

© [DENTIFIED KEY REACTION INTERMEDIATES
o DETERMINED RATES OF KEY DEGRADATION REACTIONS

o THERMAL EFFECTS ON PHOTOOX!DATION ARE BEING EVALUATED

Performance Characteristics of Materials
With Respect to Photothermal Stresses

® OBJECTIVE
® |DENTIFY PERFORMANCE CRITER 1A

® GENERATE DATA BASE FOR MACRO PERFORMANCE MODELL ING

e APPROACH
® PHOTOTHERMAL AGING OF MATERIAL SPECIMENS
* UV 0 5UN, 2SUNS, 6 SUNS

» TEMPERATURE  500C, 70°C, 85°C, 105°C
1200C, 1350C

* PARAMETERS MONITORED TRANSMITTANCE, WEIGHT
LOSS, TENSILE MODULUS

115
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Transmittance Spectra of Sunadex/EVA/Pyrex

B

% Of TRANSMISSION
S

51 —— CONTROL N
~—— 8 weeks, 1200C, 2 SUNS
—-— 8 weeks, 1209C, 0 SUNS
0 i 1 1 1
300 400 500 600 700 800

WAVELENGTH X (nm)

Mechanisms of Photothermally induced Yellowing

o THERMAL INDUCED YCLLOW!NG
® PHOTO INDUCF™ YELLOWING

e PHOTO INDUCED BLEACHING

116
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Photothermally Induced Yellowing of EVA

KT = kA T +k V(T) - khv(T}

h
WHERE

K RATE OF OVERALL YELLOWING

kA + RATE OF THERMAL INDUCED YELLOWING

k. - RATE OF PHOTO INDUCED YELLOWING

hy

k'hv = RATE OF PHOTO INDUCED BLEACHING
1 * TEMPERATURE
i) IF k.‘w . khv
RATE OF YELLOWING IN DARK OVEN - RATE OF YELLCWING IN CER
i {F Khv< khv
RATE OF YELLOWING IN DARK OVEN > RATE OF YrLLOWING IN CER
iy IF khv> khv
RATE OF YELLOWING IN DARK OVEN << RATE OF YELLOWING IN CLR

Eveluation of kp, kpy, Khy

® THERMALLY AGED VIRGIN SAMPLE IN DARK OVEN AT 1200C TO GENERATE
YELLOWING
o THE YELLOW SAMPLE IS THEN PHOTOTHERMALLY AGED IN CER AT 6 SUNS
AND 500C TO EVALUATE THE BLEACHING RATE khv' {500)
oc) = 0 0C) - k'
K {50°C) kA {500C) + khv(SO C) khu(50°C)
SINCE
kA {500C) AND k,_ (509C} ARE SMALL
hv
THEREFORE

K(5000) = - k;\ (500C)
v
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& 10 T T T T T T T T T
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ABSORBANCE AT 440 nm DUE TO YELLOWING (x 107)
>

)

RELIABILITY PHYSICS
T T I 1 L ] T T T
SUNADEX/ EVA / PYREX SUNADEX / EVA / PYREX
DARK THERMAL AGING PHOTOTHERMAL AGING
AT 12°C, 0 SUN AT 50°C, 6 SUNS -
Ky -
e L I A -_‘ik
1 2 3 4 5 5 6
AGING TIME (weeks)
1 1
1.0 2.0

PELATIVE PHOTON ABSORBED
(ARBITRARY UNIT

Conclusions

¢ [DENT!FY MECHANISMS CF PHOTOTHERMAL YELLOWING

¢ DEVELOP TECHNIGUES TO MONITOR DIFFERENT MODES
OF YELLOWING

o STUDIES OF TEMPERATURE EFFECT ON RATES OF YELLOWING
AND BLEACHING ARE BEING INITIATED
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PREDICTING PHOTOTHERMAL FiELD PERFORMANCE

JET PROPULSION LABORATORY

C.C. Gonzalez
R.G. Ross, Jr.

Objective and Approach

o Extrapolate photothermal accelerated test data to simulate

30-year field exposure

o Develop an analytical model incorporating the measured
dependency between transmittance loss and UV and
temperature exposure levels

o Exercise the model using SOLMET weather data
extrapolated to 30 years for various sites and module-
mounting configurations

Analytical Model Assumptions and Characteristics

Encapsulant optical transmittance can be expressed as a
function of the concentration of a given reactive species, Q

Rate of variation of concentration, Q/t, is a reaction rate

Standard reaction-rate equations, Arrhenius and power-law
relationships are used to relate Q/t to the stress levels

Two competing reactions occur simultaneously, one causing
the increase of yellowing and one bleaching out the
yellowing
¢ Principle of superposition is assumed; order in which
environmental levels occur not important

Arbitrary constants aq to a1 determined by least-squares
fitting of experimental optical transmittance {as a function of
temperature and UV) versus time data

PRECEDING PAGE BLANK NOT FILMED
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RELIABILITY PHYSICS

Ana’ ucal Model

* Two equations developed:

2 3
Tty =1 +aQ +e,Q +a,Q

G = eladT) 4 a,e(a'lT) §%7 - a.e(a,T) g%
Where:

v = transmittance at 440 nm

To ~ initial transmittance at 340 nm

Q = concentration

aj = constant

t = time

T = temperature in °K

5 = UV level in suns

Reaction Rate (Q/Time) vs UV Level
As a Function of Temperature (EVA)

[ T T T 1 LR 1 ¥
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“ATIO OF TRANSMITTANCE TO INITIAL TRANSMITTANCE {ri7}

RATIO OF TRANSMITTANCE TO INITIAL TRANSMITTANCE (rirg)
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RELIABILITY PHYSICS

Transmittance Loss vs Concentration, Q (EVA)

T T T T T T T
1 1 1 1 1 BN 1
0.10 0.20 0.30 0.40 0.50 060 0.70 080

CONCENTRATION (Q)

Transmittance Loss vs Time (EVA)

TEMPERATURE - 135°C

| T T

T T
UV, SUNS

0.20 -
0 i 1 I | 1 | 1 1 | 1 { 1 i 1
0 200 400 600 800 1000 1200 1400 1600
TIME, HOURS
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RELIABILITY PHYSICS

Arrhenius Plot of Reaction Rate (Q/Time) vs Temperature (EVA)

10
0 SUN UV
i
|
w 10 rncmn OF 2 :‘
= PER 10°C
S i
s / 8
b
2 |
& |
0. / jj
| }
0.01_ HEN S T R W S J N B |
28 27 26 25 24 23 22 21
16T 1IN °K)
L 1 i i - 1 | | J
85 90 120 135 150 160 170 180 190

RECIPROCAL ABSOLUTE TEMPERATURE SCALE. °C

Derivation of Photovoltaic Degradation
From 440-m Transmittance Loss

440-nm transmittance loss defines unique spectral
transmittance curve for encapsulant

Photovoltaic response requires convolution of encapsulant
transmittance curve, cell spectral response curve, and
solar distribution curve (global spectrum)

Two-cell spectral response models used, one for crystalline
silicon and one for amorphous silicon cells
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RELIABILITY PHYSICS

30-Year Transmittance, %, vs Wavelength for EVA
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Spectral Response Curves of Crystalline
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RELIABILITY PHYSICS

Determining 30-Year Degradation Using Photothermal

Degradation Simulation Model

¢ Calculate 30-year field exposure environment using hourly
SOLMET weather data tapes

¢ Encapsulant operating temperatures computed as a

function of irradiance level on tilted surface and ambient
air temperature

UV level computed as a fixed 5% of the solar
irradiance level

Results presented as matrix of annual number of
exposute hours at each combination of temperature
and UV level

¢ Simulate 30-year photothermel degradation using simulation
model and environmental stress matrix

Matrix of reaction rates, Q/t, determined for temperature
and UV levels in exposure-hours matrix

The product is taken of the two matrices

The sum of the values in each element of the last
matrix yields the concentraticn Q at the end of a year

30-year concentration is 30 times annual value

N
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RELIABILITY PHYSICS

Annual Hours of Exposure of a Ground-Mounted Array
to Various Cell Temperatures and UV Levels (Phoenix)

Annual hours of exposure
Cell
temper- UV level in suns
ature,
°C 0.06/ 015 0.25(0.35/045]055{06510.75|0.850.95{1.05]1.1%
75 0 0 0 0 0 0 0 0 0 11 4 0
65 0 0 0 0 0 1 17 24 |1 107 | 294 | 167 6
55 0 0 0 32 18 56| 130 81| 201 | 142 177 17
45 22 74 321 10 62 84| 144 73 172 | 154 55 1
35 134 131 63| 124 97 93] 113 49 53 17 0 0
25 190 129 92 86 53 21 22 o 0 0 0 0
15 129 94| 36| 35 8 0 0 0 0 n 0 0
) 55 20 3 0 0 0 0 0 0 0 0 0 :
- i
Relative Values of Reaction Rates (Q/Time)
for Various Cell Temperatures and UV Levels
Relative values of reaction rates, Qjtime 5
Cell - ¥
temper- UV level in suns ‘
ature,

°C | 0.05]0.15 } (.25 10.35 | 0.45 | 0.55 } 0.65) 0.75 } 0.65 | 0.95 | 1.05 | 1.1%

75 | 65| 61| 58| 55| 52| 49| 46| 44| 41| 39| 37| 35 |
65 | 33| 31| 29| 28| 26 25| 24| 23| 21| 20| 19| 18 |

55 16 15| 14 13 13| 12| 12| 11| N 16| 10 9 T -
45 7 7 7 6 6 6 6 5 5 5 5 4
35 3 3 3 3 3 3 2 2 2 2 2 2
25 1 1 1 1 1 1 1 1 1,08 09| 08

16 05( 05| 05| 05| 04| 04| 04| 04 04| 04| 04| 04

5 62y 02} 02| 02)02}02) 02, 61} 01i 01| 01} 01
_
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RELIABILITY PHYSICS

Photovoltaic Power Loss After 30 Years in Phoenix* (EVA)

Cell type Ground-mounted Roof-mounted
array array

Crystalline cell 3.5% 7.9%

Amorphous cell* * 8.1% 17.8%

30-year allocation for this degradation mode is 6%

*Based on assumed UV acceleration factor distribution
near one sun
**Only when EVA is between module front surface and cells

Conclusions

¢ Temperature is key driver to photothermally induced
transmittance loss (approximate doubling of rate per 10°C)

o Sensitivity of transmittance loss to UV level is highly
noilinear with minimum in curve near one sun

o EVA results consistent with 30-year life allocation

Future Work

o Refine analytical model using additional data ta¥en in region
of one sun

¢ Repeat the thermal-UV exposure tests with the addition of
humidity to study the impact of this variable

¢ Investigate the use of techniques similar to those discussed
here for determining the photothermal degradation of
encapsulant mechanical properties over 30-year life
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MICROMOLECULAR MODELING

UNIVERSITY OF TORONTO

James Guillet
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RELIABILITY PHYSICS

Goal

Deviw? A 2eacmion KinETies BASED rHoDF L OF

Tue PHOTOIECRQADA TION PROCE SS F x PERIENVCED

sy ENCAPSULANTS | MZIASURE ALL  IMPORTAN T

RATE ConsTaNTs  DEVELOP A ComPUTERIPED RR&dCTw;

MODE(  cavanic OF FPREDICTIon OF PHOTODEGRAMTIn ‘
RAi1e  AwD FAICURE TODES  ASSeCrATED WITH (F

oVER A TiRTY YEAR PERED, AND VALIDATE TRE

MoDEL

FY84-85 Objectives

Moot e n -

* EXTEND THE CoMPUTERIPFL DEGRADATI(ON
MODEL < PEVLWPED FoR  PoLYETH/LENE

——

o EVA AnND EvVA (A—??IR) !

EVALUATE TwE EFFECT OF STABILURERS o i

PToDEARADATION RATE

+  PROVIDE OGWIDEWINES Foi JSELECTION OF MoST

EFFEciive Ciasses o uv ““"SYABIL/?i-)\
’

»&

. IniTIATE FHE STudY OF THE EFFECT or '

TEMPERA TuRi  VARIATION ON Tre HoDE o

g;uGaNAL PAGE ‘1§’
» POOR QuALITY
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ORIGINAL PAGE W RELIABILITY PHYSICS '
OF POOR QUALITY "

Accomplishments

® THE CeOMPUTERIRED PHOTODELRADATION mMoDEe
FoR  POLYETHYLENE IS SHowa TO CoRRECT L

PREDICT  FAILURE ( EMBRITTLEHENT) OF
ELvAX IS0 ON ouTDooOR Ex POLURE , AND Caoff Cimuely

EWAaX SO  oN OUTIOUR [y POSURE :

!  OuTDooR Eyxresurf Awd ACE(EROMETER TEST S
INDICATE  THAT  CROSS-LnKiNE  EVA DOES NOT

S:CN/Frwrc/ CHANGE /TS DEGRADATdn RA7&

o PARALLEL TESTS OW  STABIURED Pocrr 7~y Lac
AN Euva (A 7‘7/&) SHo) THAT THE EFFECT
THE  STABILIRER.  PACKACE /3 APPROMMATELY

EFQuivALENT  ON  BoT7H PoryrierRS — /¢ THE PS5 :
ropcl CanNv DE USE?P FoR A-9F18 QITH TN

CHANGE S, AND STARIIRER ConSUMPTION RATE IS A WeEFu—
DIAGNOSTIC MEASUL: FoR EARLY PHOTODECRADA Tron

@  CoMPUTERIZED HMODEL INDICATES TwAT PEROxIDSE , -
( HYDROPEROXIDE) DECOMPASERS  pnp QU ABsORBER : ,
ARE MOST EFFECTIVE STABILIZERS — BETTER Tiean, :
ANTIOXIDANTS 3

* EFFECT OF 7erircea TQ:E Cyclive 15 Rime itrie
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Eilementary Reactions in Polymer Photooxidation

and Corresponding Rates

Reaction Rate coustant

RO, ¢ R ——> ROOH + RO, o.1x10t

RO: * IIOz —> ROH + Ketoms + g)z 0.[!!02

RO, + ROH ——> ROOH + ..sibee + HOO 0.5x107"

HOO + RH ——> ‘IQOK ~ RO, 0.5x107

HOO + RO, —> ROOH * %0, 0.1x10°

R’Jz ® Ketocawm ——> ROOU * PerogyCO 0.5x107

RO, + RUOH —> ROOH + Ketows + OH osx10”

RO, * EMROH —> ROOH * Aldehyde + HOO 0.5x10”

RO, + Aldshyds —> ROOH + SMRCO 0.1x10°

OK + RNl —-> RO, + Water 0.3x10°

Keloos —> KET® 0.3x10™

SMKewoe —> KET® 0.ax10”

KET* —> SMRO, ¢ SMRCO 0.5x10°

SMRCO — SMRO, + CO 0.5 x10°

KET® — = Alkens + SMKewre 0.5x10°

KET* + 0 ~~> Kewas + 20, 0.1 x10*

KET®* + ROOF -—> Kewos ¢ RO + OH o.ax10’

KET® -—> Ketoos 0.1x 10"

0, — o, 0.6x10

80, + Almss —> ROOH 0.2 v10'

SMRO, + AH -~> SMROOH + RO, o.1x0?
RO0E —> REO ¢+ o e3xnt

MmO + RN —> nmoN 012108

BMRCO: * o‘ — EMROOD oixto!

BRCO0D + AE —> WRCOCOR + RO, 0.ax20t
SMROOOOR —D> mco’ * Ood ..lll."
1 ROOR ~—~ RO + OH 0.8:10"
;‘ M0 —> RGO, + Aldeiyde 0.1x10°
' mou—bm.om o.uu’
BROO, ¢ N8 —> Askd + RO, 0.1x10°

i 2, + 80, —> moom oaxn®

]
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RELIABILITY PHYSICS

Effect of Termination Rate on Product
Formation During Photooxidation

0
T i LI 1 1]
x2
-1} .
x5
3} ]
8
L]
X
¥
SN |
-4 -
-5 | | i L
0.6 1.2 1.8 2.4 3.0
Time (x 108 s)
Stabilization of PE
108
ROOH + QD ———> Products
s
KET* + Q1 —2> Ketons + Heat
LN 1 R 1T L
8.5 10 yeers ]

log t,

log [quencher)
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Effect of Intensity on Product
Formation During Photooxidation

0 T T T T T b
Nx$§ Nx2
N
-1 ~
N
5 2 o E
E
¥
-3 Slopo P
o 5.5x107°
o 2.4x1078
-4 F a 1121078 -
-8 1 1 L . )]

L
0.¢ 1.3 1.8 2.4 3.0
Time (x 1o° a)

Photooxidation as a Function of Intensity of Light

5
[
5 1.50-
1.4Q-
Nx$§ Nx2 N
L i A A | i
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Time (x 10% »)
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Equivalent Solar Exposure (Summer Days) vs
Actual Accelerated Ager Exposure Time
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POLYMERIZABLE ULTRAVIOLET STABILIZERS
POLYTECHNIC INSTITUTE OF NEW YORK

P. Gomez
S.K. Fu
0. Vogl ORIGINAL Pace vy
OF POOR QuaLITy
Objectives

A: SYNTHER uv
BENZOTRIAOLES

* VINYL. AVD 1SOPROPENYL DERIVATIVES OF
DIGENZOTRIAZOLE SUBSTITUTED RESORCINGL
Aud PHLORMGLVLINOL .

* MOND- AND DIMETHOKY AND HYDRAXYBENZOTRIA-
-20LE DERIVATIVES OF RESORCINGL AMD
PHOLORD GLULINOL .

* CARBORY , CARBOMETHOXY AND ALETOYY
SUBSTITUTED DERIVATIVES OF RESLORLINOL..

8. INGRPORATION OF POLYMERIZABLE UV
STABILI2ERS | AES) INTD PoLymERS.

* ADDITION POLYMERS - STYRENES, ALRYLKCS

« CONDENSATIDN PoyMERS - POLYESTERS ,
POLYCARDANATES
POLYWRETHANGS ,
R
EPoxies .

PRECEDING PAGE BLANK NOT FILMED
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RELIABILITY PHYSICS
o ORIGINAL PAQE'S
R OF POOR QUALITY
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RELIABILITY PHYSICS
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Polycarbonates With UV Stabilizers
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RELIABILITY PHYSICS

] Polyesters With UV Stabilizers
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ENCAPSULATION MATERIALS RESEARCH

SPRINGBORN LABORATORIES, INC.
P. Willis

IDENTIFY AND DEVELOP LOW COST
MODULE ENCAPSULATION MATERIALS

;. POTTANTS

COVER FILMS

SUBSTRATES

ADHES IVES/PRIMERS
ANTI-30ILING TREATHENTS

g PHASE [
|

_PHASE IT

™~

MATERIALS RELIABILITY

AGING AND LIFE ASSESSHMENT
ADVANCED STABILIZERS
CHEMICAL DIAGNOSTICS
FLAMMABILITY

ELECTRICAL ISOLATION
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PHASE 111
PROCESS SENSITIVITY

¢ INTERRELATIONSHIPS OF
o  FORMULATION VARIABLES
¢ PROCESS VARIABLES

o  MANUFACTURING YIELD ANALYSIS
(PROCESS DZVELOPMENT SECTION)
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Module Components

SURFACE
OUTER COVER
= 22 (ORGLASS)
_J;_‘,,,,,~\‘,,,,\\,n,.,ii3__ POTTANT
e
=  BACK COVER

(JR SUBSTRATE,
GASKET/SEALANT

CURREWT EMPHASIS ON MATERIALS AuL "ODULE
PERFORMANCE CHARACTER(STICS

DETERMINE CURRENT LEVEL OF PERFORMANCC
ENHANCE PERFORMANCE (E.G. REFORMULAT!ON)
SERVICE LIFE PROGNOSIS

PERFORMANCE CRITERIA

ENVIRONMENTAL DEGRADATION
ADHESIVE BOND DURABILITY
ELECTRICAL INTEGRITY
FLAMMABILITY
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RELIABILITY PHYSICS
Module Flammability

] MOST MODULES CONSTRUCTIONS NOT PASSING
UL-, 30 BURNING BRAND TEST

) MECHANISM: APPEARS TO BE RUPTURE OF THE
BACK COVER WITH THE EVOLUTION OF BURNING
GASSES

) MODULES CAN BURN BUT MUST NOT SERVE AS AN
IGNITION SOURCE TO GTHER STRUCTURES

) MODULES WITH KAPTON BACK COVERS ( HIGH
STRENGTH ) PACS TEST DUE TO ABILITY TO
RETAIN COMBUSTIBLE GASSES -

v

PYRCLYZING
PILYMER

COMBUSTIBLE GASSES

o  KAPTON IS VERY EAPENSIVE

o INEXPENSIVE HIGH STRENGTH HIGH TENPERATURE i
BACK COVER NEEDED i
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RELIABILITY PHYSICS

GOAL :

Module Flammability

PREVENT SPREAD OF FLAME
PASS UL-790

APPROACHES :

(1)

)

(3

(Y

HIGH STRENGTH HEAT RESISTANT BACK COVERS
o CERAMIC PAPER

¢ POLYMER FILM LAMINATES WITH GLASS
SCRIM REINFORCEMENT

o METAL FOILS
o RESIN IMPREGNATED GLASS CLOTH

REDUCTION OF COMBUSTIBLE MATERIALS
o THINNING OF POTTANT LAYER

FIRE RETARDANT ADDITIVES
o INERT DILUENTS (TALC, CALCIUM CARBONATE)

o  RELEASE OF WATER WITH HEAT ALUMINA
TRIHYDRATE (352 WATER)

o FIRE RETARDANTS ( FREE RADICAL TRAPS)
ANTIMONY OXIDE, ZINC BORATE
BRCMINATED ORGANICS
ORGANIC PHOSPHATES

COMBINATICN OF ALL THREE
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RELIABILITY PHYSICS

EVALUATION OF CANDIDATE TECHNIQUES

CONVENTIONAL :
e  UL-94 VERTICAL BURN TEST
s  ASTM E-262 FLAME SPREAD I[NDEX
e  ASTM D-2863 LIMITING OXYGEN INDEX

FORt BACK COVERS:
o  CONSTRUCT SPECIAL APPARATUS

—)—

o  DETERMINE BURST STRENGTH AS FUNCTION
OF TEMPERATURE AND PRESSURE

¢  (LORRELATE TO ACTUAL EFFECTIVENESS
UNDER FIRE CONDITIONS

o  DETERMINE ADD-ON COST FOR IMPROVEMENT
IN FIRE RATING

o  RECOMMEND CANDIDATES FOR UL-790
TESTING
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RELIABILITY PHYSICS

Electrical Isolation

POTTANTS AND COVER FILMS SERVE AS ELECTRICAL
INSULATION

NEED TO KNOW THICKNESS REQUIRED FOR VOLATAGE
STANDOFF

VARIATION WITH TEMPERATURE, ABSORBED WATER

NEED TO KNOW VARIATION DIELECTRIC STRENGH
WITH AGING:

LIGHT, HEAT, HUMIDITY, FIELD STRESS

METHOD:

USE DC DIELECTRIC TEST APPARATUS
TIP TO TIP SYMMETRIC ELECTRODES

SPECIFIED RATE OF RISE
PLOT AVERAGE BREAKDOWN VOLTAGE, Vj VS THICKNESS

STRAIGHT LINE RELATIONSHIP:
SLOPE CGNSIDERED TO BE THE INTRINSIC
DIELECTRIC STRENGTH, ov/pr

HEASUREMENTS TQ DATE:
EVA pV/pT = 3,65 kv/ MIL
REMEASURE pV/pT :

o  THERMAL AGING

o  WATER ABSORPTION

o  ENVIRONMENTAL EXPOSURE
o FIELD STRESS AGING

RECALCULATE THE REQUIRED INSULATION THICKNESS
FOR SERVICE LIFE OF THE MODULE
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RELIABILITY PHYSICS
Adhesion Experiments
SELF-PRIMING FORMULATIONS
(TO SUNADEX GLASS)

__BOND STRENGTH, LBS/IN
POTTANT/PRIMER  LEVEL (PHR) CONTROL™ 12 MONTHS " STORAGE
EVA A9918 0.25 42 31
2-6030 0.05 29 20
EVA 15295/ 0.25 31 28
7-6030 0.05 10.9 5
EMA 15257/ 0.25 57.4 41
1-6030 0.05 49,0 26

*BCNDS ALSO STABLE TO WATER IMMERSION AND BOILING WATER

e  STABLE TO STORAGE CONDITIONS (1Z MO, TO DATE)
AT 0.25 PHR LEVEL, .05 PHR NOT AS STABLE
e  NOW COMMERCIALLY AVAILABLE (SPRINGBORN)

EVA  A9918-P (LUPERSOL 101 CURE)
EVA 15295-P (TBEC CURE)

o WORKING ON INTERNAL PRIMING FOR CELL STRING AND
METALLIZATION  (MORE DIFFICULT TO PRIME)

L
i
|
1
1
i
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RELIABILITY PHYSICS

CONTINUED PRIMER STUDIES:

EVALUATE THE THREE "BASIC* PRIMERS -
DR. PLUEDDEMANN - DOW CORNING

o  POLYMER/METAL
o  POLYMER/INORGANIC
e POLYMER/ORGANIC

METAL PRIMER (ALUMINUM) RECOMMENDATIONS
DR. JIM BOERIO - UNIVERSITY OF CINCINNATI

ADHESION DIAGNOSTICS:

HOW DURABLE ARE ADHESIVE BOWDS?
UNDER WHAT CONDITIONS?
SUC-ESSFUL SPECTROSCOPIC EXAMINATION OF GLASS/

PRIMER INTERFACE - DR. JACK KOENIG -
CASE WESTERN RESERVE

EVA COMPOUNDED WITH HIGH LOADINGS OF SILANE
TREATED GLASS BEADS

o  SPECIMENS AT CASE WESTERN FOR “DRIFT*
ANALYSIS (CHEMICAL)

o  IDENTICAL SPECIMENS AT SPRINGBORN FOR
MECHANICAL ANALYSIS

o  HYDROLYTIC AGING

¢  CORRELATE CHEMICAL OBSERVATIONS WITH
MECHANICAL PERFORMANCE

¢  DETERMINE DEGRADATION RATES
o  ASSESS SERVICE LIFE
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RELIABILITY PHYSICS
Accelerated Aging

OUTDOOR PHOTOTHERMAL AGING DEVICES
(0PT)

USE NATURAL SUNLIGHT, AVOIDS SPECTRAL

DISTRIBUTION PROBLEMS WITH ARTIFICIAL

LIGHT SOURCES

USE TEMPERATURE TO ACCELERATE 1HE PHOTO-
THERMAL REACTION

INCLUDES DARK CYCLE REACTIONS
INCLUDES DEW/RAIN EXTRACTION
INTENDED PRIMARILY FOR MODULE EXPOSURE

EXTRAPOLATE EFFECTS TG LOWER TEMPERATURES

fr///,,—:nfnnxxxpLs

2

CONTROLLER
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RELIABILITY PHYSICS

VT (°K), SHOWN AS DEGREES CENTIGRADE

MODULE EXPOSURE: OPT 105°C, 7,000 HRS
ALL SHOW SEVERE COPPER REACTION

BEST PERFORMANCE: EVA-ADVANCED STABILIZER
TBEC, UV-2088, TIHUVIN 770
VIRTUALLY NO DEGRADATION APPARENT

CONSPICUQUS DEGRACATION IN OTHERS
GLASS FRACTURE - THERMAL SHOCK

MODULE E¥POSURE: OPT 70°C, 7000 HRS,
SOME COPPER REACTION W/EVA 9918
NO OTHER EFFECTS NOTICEABLE

SEFUL FOR EVALUATING CANDIDATE
~ORMULATIONS - COMPARISON

FVALUATES WHOLE MODULES

DEYERMINE UPPER LEVEL SERVICE
TEMPERATURES

MODELLING

o ARRHENIUS : LOG P VS. 1/K°

¢ PREDICT SERVICE LIFE BY EXTRAPOLATION
T0 LOWER TEMPERATURES

o TINE TO ONSET OF DEGRADATION
(INDUCTION PERIOD)

¢ PROBABILITY DISTRIBUTION-FAILURE

EXAMPLE: POLYPROPYLENE - INDUCTION TIME

TIiE, HOURS
2060 400 1000
160
140
\‘1
AN

120

>
100 \\
80 \ \

'\\
N

60
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Pe, RDs, HOs

AUTQCATALYTIC DEGRADATION

QUENCHERS STRONGLY COLORED - NOT USED
LONG TERM STABILIZERS:

o COXIDATIVELY STABLE
o NON-FUGITIVE

UV-2098 (AMERICAN CYANAMIDE) BEST SCREENER
FOUND TO DATE (CO-REACTIVE BENZOPHENEONE)

HINDERED AMINE LIGKT STABILI”ERS (HALS)
FREE RADICAL TRAPS AND HYDROPEROXIDE
DECOMPOSITION

COMBINATION OF SCREENER AND HALS BEST
STABILIZER PACKAGE

155

RELIABILITY PHYSICS
Advanced Stabilizers
GENERAL DEGRADATION STABILIZATION
__MECHANISM _ADDITIVE
LIGHT (V) NN
Aasominou -» SCREENERS
EXCITED SPECIES > QUENCIERS
(ACTIVATED KETONES)
RADICALS > FREE RADICAL
Pe,{ He SCAVENGERS
+ 02
ROGH > HYDROPEROXIDE
(HYDROPEROXIDES ) DECOMPOSERS
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RELIABILITY PHYSICS

600

400
PERCENT
ELONGAT IO

200

CANDIDATE HINDFRED AMINES (HALS)

HIGH EFFICIENCY FROM REGENERATIVE CHEMISTRY:
ACTIVE SPECIES KECYCLES - NON SACRIFICIAL

EVALUATION OF CANDIDATES:
o EVA, TBEC CURE, 0.1Z HALS
o T ELONGATION VERSUS TiMe

o OPT DEVICE, 90 OC

O CONTROL
A TINUVIN 770

O CHIMASORB 94
A - 3345

Q
h A

O

S

S~

N

Q”\ \

TN

I

|

A

500 1000

1500 2000

EXPOSURE, HOURS

o FAILURE: LOSS OR CONSUMPTION OF CHEMISTRY?
NEED FOR ANALYTICAL METHOD

o CYASORB UV-336 (CYANAMIDE) CLEARLY BETTER

o  SYSTEM EVALUATION: EVA/TBEC/UV-2098/UV-3346
MODULES, ADHESION, FLAMMABILITY, ETC.
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RELIABILITY PHYSICS

Antisoiling Treatments

SURFACE CHEMISTRY:

HARD

SMCOTH

HY ROPHOBIC
OLEQPHOBIC

[ON FREE

LOW SURFACE ENERGY

SURFACE INVESTIGATED:

SUNADEX GLASS
TEDLAR (100 BG 30 UT )
ACRYLAR (ACRYLIC FILM ) ;

TREATMENTS REMAINING: i

L-1668 FLUOROSILANE ( 3M )

E-3820 PERFLUORODECANOIC ACID/ |
SILANE  (DOW CORNING )

STILL EFFECTIVE AT 38 MONTHS
OUTDOOR EXPGSURE

RESULTS IN IMPROVED POWER QUTPUT :

FLUOROALKY!. SILANE CHEMiSTRY
APPEARS TO BE MGST EFFECTIVE

~
3
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RELIABILITY PHYSICS

Sviling Experiments

THIRTY-TWO MONTHS EXPOSURE
ENFIELD, CONNECTICUT

% LOSS IN I WITH STANDARD CELL TREATED
TEDLAR 100BG300UT

(SUPPORT ON GLASS)

38 MONTHS EXPOSURE

12 . [ ' 76
N ‘“} Ak '
AL | AT
l| ol \" 1 ¥ - .4\\ /]
H i P N
uz T ' L /(A‘Qtj i
61| | \’ //\'//\\/ T' /\//
[T
85 l

CONTROL, NO COATING

_____ E-3820 COATING (BEST)
ESTIMATED AVERAGE POWER [MPROVEMENT, 3.8%
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RELIABILITY PHYSICS

THIRTY-TWG MONTHS EXPOSURE
ENFIELD, CONNECTICUT
% LUSS IN lsc WITH STANDARD CELL TREATED ACRYLAR
(SUPPORTED ON GLASS)
38 MONTHS EXPOSURE
12 2 3
T 1A R
o :‘\ l' k
zz ';\\ ," P\\' 1‘ \‘1 :n‘/ ! \" L
{ vt Y 1 (Y]]
(Y] L1 i
h '.‘\ A W '; I ‘l
4z —1! 1 ! L
‘LJ' “.l’ i ! l"
62 : - ¥
NN T
1
81 ,/\g/ /r~\ / \\\//,
V VAL
107 \ ' =
) |
122

— — CONTROL, NO TREATMENT
...... 0ZONE WITH E-3820 (BEST)

ESTIMATED AVERAGE POWER IMPROVEMENT, 3.9%
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RELIABILITY PHYSICS

THIRTY-TWO MONTHS EXPOSURE
ENFIELD, CONNECTICUT

% LOSS IN Ig. WITH STANDARD CELL TREATED
SUNDEX GLASS

38 MONTHS EXPOSURE

o]
!
il
L] 1. 3
| 3 \ !

2 ! 1Y \ ‘
/N T y ¥ 1 A
YA N BN

T Ny (VIR Y
4z \ ' | ! ' :‘" 19"
- ‘/’ I*V}E i i ‘*;/’
. i
| i FHEE B
34 L BRI B 1 5»
Fa NER BN
) ‘... - :' E l:_ -T:::'i .o .:;!E_.r’ 3 \ [
T1 |4 [P duf ‘:: l |
a1 A T ] B
e CONTROL, NO TREATMENT ,
_______ E-3820 (REST)
essessesass  RAINFALL, INTHES
ESTIMATED AVERAGE POWER [MPROVEMENT, 1%
Y
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RELIABILITY PHYSICS
Antisoiling Coatings

o  STILL EFFECTIVE AFTER THREE YEARS OUTDOOR
EXPCSURE

o  PERMANEMCE APPEARS TO BE GOGD

e  POSSIBILITY FOR IMPROVED PERFGRMANCE BY
iNCREASING SOIL REPLELLANCY

NEW CANDIATE(S):

o  LOWEST SURFACE ENERGY EVER REPORTED:
POLYMER OF PERFLUORO-CCTYL METHACRYLATE

Y. = 10.6 DYNE i)

»  REACT WITH TRIMEThOXY HYDROSEN SIL-NE TO
FORM ADDUCT WITH GLASS-REACTIVE GROUP

o  EVALUATE IN SUILING TESTS

F Fa Fp
AV AVAVAL
C,H, F, F, F2
—Q =Sl —0—
%
7T 7/ T7777777
161
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RELIABILITY PHYSICS

A

TEFZEL
KAYHAR
HALAR
F=A
FEP

Outer Covers (Substrate Design)

LOW COST UV SCREERING FILMS COMMERCIALLY AVAILABLE

PROBLEMS: SHRINKAGE, STABILIZER EXTRACTION ADHESION,
WEATHER STABILITY

POTTANTS APPEAR TU HAVE GOOD STABILITY
NON-SCREENING CANDIDATE rILMS CLEAR, WEATHERABLE,

BONDABLE 2
CO%T
REF. INDEX iT $/FTE/MIL
1.403 85.6 0.128
1.420 88.8 0.055
1.45 85.3 0.096
1,30 83.4 0.123
1.34 93.6 0,199

FEP MAY BE GOOD CHOICE:
] HIGH TRANSPARENCY
] OUTSTANDING WEATHERABILITY

) MAY IMPROVE OPTICAL THROUGHPUT BY 2% DUE
T0 OPTICAL COUPLING

) REQUIRES PRIMER TcCHNOLOGY

¢ WILL BE EVALUATED IN MODULE FABRICATION
AND OUTDOOR EXPOSURE EXPERIMENTS

162
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RELIABILITY PHYSICS
Conclusions

OUTbOOR PHNTOTHERMAL AGING DEVICES (QPT)

o 3EST ACCELERATED AGING METHOD
DISCOVERED YET

o  SIMULATES WORST CASE FIELD CONDITIONS
v EVALUATE “QRMULATIONS

o EVALUATE MODULE PERFORMANCE

o POSSIBLITY FOR LIFE ASSESSMENT

AVOID METALLIC COPPER EXPOSURE

SELF PRIMING FORMULATIONS HAVE GOOD S:ORAGE
STABILITY AT 0.25 PHR )

STABILIZERS - ENHANCED PERFORMANCE
¢ UV-2098 UV SCREENER
o UV-3346 HINDERED AMINE  HALS )

SOIL RESISTANCE TREATMENTS STILL EFFECTIVE

163




PO SN 10,5 ORI N SO

RELIABILITY PHYSICS

Future Work
FLAMMABILITY: FIRE RETARDANTS
AND FLAME RESISTANT WORK COVE®S
ELECTRICAL INTEGRITY: DIELECTRIC
STRENGTH VERSUS AGING OF
ENCAPSULATION MATERIALS

ADHESTON DIAGNOSTICS AND SERVICE
LIFE ASSESSMENT

MODULE EVALUATION: EVA POTTANT
WITH ADVANCED STABILIZER PACKAGE

NEW ANTI-SOILING CONCEPTS

MODULE SERVICE LIFE ASSESSHENT

( PHASE I11)

PROCESS AND MANUFACTURING VARIABLES

164
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ORIG!INAL PAGE'IS
OF POOR QUALITY

CASE WESTERN RESERVE UNIVERSITY

Jack L. Koenig

DEVELOP SPSCTRAL METHODS FOR DETERMINING STRUCTURE OF

POLYMER/GLASS INTERFACE (ACLOMPLISHED)

EXAMINE STRUCTURAL ChANGES ASSOCIATED WITH HYDROTHERMAL
DEGRADATION OF POLYMER/GLASS INTERFACE (IN PROGRESS)

DEVELOP METHODS OF INMIBITING THE DEGRADATION REACTION
OCCURRING AT POLYMSR/GLASS INTEPFACE (FUTURE)

CHEMICALLY BONDED
INTERFACE INTERPHASE

U< ¢+ 46+ 44
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Pigure 13. Schesatic Represeatation of the Incerdiffusion Model for &
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Bilans~Primed Glase-EVA Joint; Open Circles Indicate Ragioms
of Coupling Agent, Pilled Circles Indicate Begions of EVA
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RELIABILITY PHYSICS

100 100
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DISTANCE FROM INORGANIC INTERFACE

Figure 14. Plot of Silape-Adhesive Concentrstion Gredient as a Nmction
of Distance From Inorgavic Interface
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RELIABILITY PHYSICS
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RELIABILITY PHYSICS :
¥
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RELIABILITY PHYSICS
75, 000
17482 -4
ORIFT
EVA / no MPS / PEROXID[’
60. 000
HYDROTHFRMAL RECYCLE 85°C 2 MONTHS
DRYING at ROOM TEMPERATURE AKD PRESSUPE
45. DDO
30. 000
; U
15. 000
0. 000
3800 3300 2800 2300 1800 1300

CM~1
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RELIABILITY PHYSICS

75. 000

17482-4
80. 000 DRIFT

EVA / no MPS / PEROXIDE

YYUROTHERMAL CYCLING BS5°C 2 MONTHS

DRYING 36 HRS 100°C VACUUM
45. 000
30. 000
1S. 000
0. 0600

3600 3300 2800 CH-1 2300 1800 1300
L
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RELIABIL,TY PHYSICS

50. 000 .

17482 -1

CRIFT

40. 000 £¥A / MPS / PEROXIDE
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RELIABILITY PHYSICS

WATER IN O-H STRETCHING REGION

EVA / no MPS / PEROX]DE

5

VA / MPS / PERIXIDE

EVA / no WPS / PEROXIDE

HYDROTHERMAL CYCLING

L

EVA / WPS / F ROXIOE

HYDROTHERMAL CYCLING

I

3600

3epo

3400

s

3200 3000 2000 2600
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WATER 'n O-H BENDING REGION

ORIGINAL PAGE 'S
OF POOR QUALITY,

1640 cm

—_

EVA / a0 MPS / PEROXIDE

EVA ; MPS / PERGXIDE t

«
’
R T

HYDROTHERMAL CYCLING \ {

EVA / no MPS /PEROXIDE

EVA / MPS / PEROXIDE

HYDROTHERMAL CYCLING

1700

T T | T ] ;
1880 1660 1840 1820 1600 i
Fuk 1) MPS/PEROX I0E HOROTHERMAL CYCLING \
R
a A\ "-.

- Yoo 3

'\ y v
/ . L ’ ;
p \~/~\ - i

EVA/MPS/PEROXIDE HYDROTHERMAL CYCL ING

1&00 ]
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ORIGINAL PAGES
OF POOR QUALITY

RELIABILITY PHYSICS

40. 000

10. 000

0. 000

V713188 A
DRIFT

EVA / WPS / ‘no FEROX!DE

N

20. 000

3300

2800 2300 1800 1300

12. 000

4. 000

17488-8

DRIFY

PE / W< / no PEROXIDE
NO HYDROTHERMAL

o.nooLA

3800

2800 2300 1800 1300
CM-}
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RELIABILITY PHYSICS

17488¢C

DRIFT

o
[T
TY

ORIGINAL PG

OF POCR QUAL

PE / MPS / PEROXIDE

NO HYDROTHERMAL

\_,\]'
1300

1800
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CH-1

2800
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18.000

12. 000
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methyl end group
13

1363

PFkoxiDE
PE / MPS / PEROXIVE COMPOSITE

PE / MPS / no PEROXIDE COMPOSITE ///

weak MPS bands

PE LK, wag amorphous
T | 1 | 1 i I :
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MPS neat

PE /'MPS

¢

MPS Reaction in PE

PE / MPS / peroxide

RELIABILITY PHYSICS
C=C/C=0 %
0.138 100
0,107 77.5
0.027 19.6

Weaker Interfacial Bands

¢ -0 BANDS

MPS 1n PE/MPS/noc PEROXIDE COMPOSITE

MPS on PARTICULATE SURFACE
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INTERFACIAL BONDING STABILITY

UNIVERSITY OF CINCINNATI

J. Boerio

IN-SITU ELLIPSOMETRY

Sample ,
Thermometer :
i
| g ﬁ |
irrer or !
From Source Sti ToDetect !
Y
‘
Figure 2. Sample cell for in-situ ellipsometry of metals exposed
to water.
£
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a0 +
112 A
o090 &~ —0-—0—O0—0—0—0—

138 with y-MPS
{
134 '
JAN 1 as polished ——__ ;
é
130 ¢ :
i
126 1 !
¢
TS— ——t T— —_— P , ‘
0 30 60 90 120 150 180 P
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Immersion time, minutes
Figure 8. In-situ ellipsomctry for (A) - polished aluminum and {0) - polished :
aluninum nrimed with -1PS undergoing hydration in water at 40°C.
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AUGER ELECTRON SPECTRA
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KINETIC ENEPSY, EVY
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Figure 3. Aluminum Auger electron spectra from back surface

of silicon wafer.

Conclusions

1. y-MPS is an effective primer for bonding EVA to
aluminum.

2. Ellipsometry is an effective in-situ technique
for monitoring the stability of polymer/metal
interfaces.

3. The aluminized back surface of silicon wafers

contain significant amounts of silicon and may
have glass-like properties.
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TOPICS IN ELECTROCHEMICAL DEGRADATION

OF PHOTOVOLTAIC MODULES
JET PROPULSION LABORATORY
G.R. Mon

Topics

® The relationship between leakage current and
electrochemical degradation

e _ ositive and negative polarity
¢« Dependence on temperature and humidi’y

¢ Leakage-current response mechanisms
® Experimental observations
*® The effect of non-metallized substratc films
® The effect of cell-frame gap dimension
« The effect of applied voltage magnitude
*® The effect of pottant ion mobility

¢ Physical deductions

* Laboratory-field equivalence -- acceleration factors
¢ Module life prediction
¢ Module (electrochemical) qualification test

PRECEDING PAGE BLANK NOT FILMED
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The Relationship Betw

S

een Leakage Current

and Electrochemical Damage

+

—————& POLARITY

|

=

L — & POLARITY

Cell string and frame behave
as opposite-polarity electrodes;
the intervening pottant
behaves as a solid-state
electrolyte

Module leakage current
increases with increasing
temperature and relative
humidity

Observed and electrically
measured electrochemical
damage increases with
increasing accumulated charge
transfer

Electrochemical Damage: Positive and Negative Polarity

B Positive polarity

¢ Metallization dissolution and migration (from cell to

frame)

Cathodic dendrite formati

on (from frame to cell)

s Evolution of gas at cathode (frame)

B Negative polarity

¢ Evolution of gas at cathode (cell) between metallization

and silicon substrate -- m

etallization delamination

¢ Formation of corrosion salts at anode (frame)

B Both polarities

¢ Reduction of cell power output

& Increase in cell series resi

192

stance



LR
- .
U PR 5

RELIABILITY PHYSICS

Power Reduction and Series Resistance vs Time,

PP,

Rs. 92

Showing Effects of Polarity and
Non-Metallized Substrate Films
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~
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/
04 /
— 0
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Influence of Electrochemical Damage
on Celi |-V Performance

IUNPROYECTED PVE Ay METALLIZATION
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Observed Current Paths
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» Metallization ions follow
electric fieid lines

Metallization ions often
proceed to, and tnen along,
interfacial surfaces

Current Response for sinall-Gap Samples and the Effect
of Non-Metallized Polymer Substrate Films

1, amps
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I, amps

Current Response for Large-Gap Sample
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Current Response of Minimodules, Comparing
PVB and EVA Encapsulants
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Physical Deductions

¢ At large cell-frame gaps and/or low voltages, capacitive
charging and polarization currents are absent because

o ! .terelectrode capacitance is small
o Electrode forces on interelectrode dipoles are weak
¢ Equilibrium current is independent of gap. other things being

equal, because of the relatively low-resistance surface-active
paths

¢ The magnit.'de of the equilibrium current is directly
proportional to the pottant volume conductivity (aciually, ion
mobility) along paths in the bulk of the pottant

¢ Independent of voltage breakdown considerations, substrate
polymer films provide higher surface resistance paths, hence
lower equilibrium current levels

Electrochemical Damage: Laboratory-Field Equivalence

* Assumption: Equal quantities of charge transfer in the field
and test environments produce equivalent
amounts of electrochemical degradation

e Ohm'slaw: Q = I7 = V-|gT)-(ge netric terms)

o Field time ..\ years equivalent to 71 hours at test conditions:
Q \' or
VE (2 Oj TI) F

Qf
4“—- ratio of test to

field conductivity —
time product

— test to field voltage ratio
—- - test to field charge transfer unit

¢ Field values are based on yearly compilations from reduced
SOLMET weather data
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T h

Test Chamber Time - Equivalent To
30 Years In The Field

'
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Test Chamber Time 7 Equivalent to 30 Years
in the Field: EVA
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Module Life Prediction

Median cel! failures are experimentally determined to occur
with the passage of about QT = 1 - 2 C/cm of charge
between cell and frame
ar
™™ = ar
¢ Calculate charge transfer in the field, Qf, using known
dependencies on T and RH and SOLMET weather data

Meadian time to cell failure is

* Assume a log-normal distriuution of cell failures

Calculate average module field failure rate
* Without replacement (23rd PIM)
* With replacement (this PIM)

Power Output Reduction vs Accumulated Charge Transfer

V- T I S — o ms
(VA ;e PVE
R - A A |
190 N * - ’
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O 8 \\ ' i s
08} T~ 7]
)] s \ ?
S |
£ o6} “ M |
£ 5 ;
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L
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N Module Failure Rate vs Time for 4 x 4-ft-Square-Celled
Modules at Miami
"
. ‘ 16 ! I R S -
;X i | WITH REPLALEMENT
2
B PYS
o 3-065¢m e— 3
. Vo« 250 VOLTS
;- 16 2 \ ‘
. . WiTkout REPLACEMENT ‘

. i ‘
t |
i

& /// I
- P = :
; - - '
wE 3 .. *— MODULE FAILURE
;! é 10 3? 7 ALLOCATION LEVEL 4
# Z e i
o > / ‘
& 3 / WITH ANC WITHOUT
! ® / REPLACEMENT
~
T /
( m"‘»/ -
?' .
N £ 0 '
' P 9 - 00635¢m l
. V - 1000 VOLTS !
v !
. 10-3] i D T L L ;
v 0 10 w 3
- TIME yre l
- %
; i};
o Conclusions ‘
.
i ¢ Calculated failure rates for unprotected PVB modules exceed

allocation levels

¢ Failure ratec tor EVA modules fall within allocation guidelines

s Addad matheinatical rignr engendered by cornsidering that
raplacement ninimally impacts computed module failure rate

results
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Block V Qualification Test Temperature-Humidity Profile

CONDITION
——— ————85% + 25% RH »| FREEZING }c ~85% + 2.5% Rh—y
85 —¢ /— —————
/ CONTINUE
$ - ———100° C/h MAXIMUM // FOR 10 CYCLES
g /
25 TART OF CYCLE /
g START OF CYCL ~— END OF CYCLE
=
“w 0 — —
3
Q
(=
E 200° C1h MAXIMUM
a0}
—  lea— 0 5nMINIMUM
e — — ——— - 20 MINIMUM el — 4 MAXIMUM —]
I'ME, h

85°C/85% RH for 20 h,

Electrochemical Qualification Test Results: 500 Vdc,
—40°C for 4 h, 10 24-h Cycles

Equivaleat

Metal 500-V Field

Supstrate 0200, Exposure

Sample  Polarity Metallization Encapsulation  Foii? Ciem PPy iy Miami, yr*
MO 5107 P PdiNi-solder PVB Y 117 085 091 1.8
PW 5222 P Ni-solder PVB Y 153 097 03¢ 18
AS 200307 P Print Ag 4 ]] Y 361 096 056 1.8
AS 107461 P Print Ag FVB N 291 0.7 032 84.0
MO 5117 N PdiKi-solder PVB Y 0.737 0.7% 097 1.8
PW 5224 N Nisolder PVB Y 0.0034 10 10 18
AS 200303 N Print Ag PVB Y 0.181 099 1.0 18
AS 107449 N Print Ag PVB N 141 088 0.34 84.0
ME 4887 P Ni-Cu-Sn EVA Y 0.037 098 0.99 1.0
SP 58494 P Niln EVA Y 0.072 093 088 1.0
S0 009 P Print Ag EVA N 0.202 03 08 43
AS 022 P Print Ag EVA N 0.533 096 3.97 a3
MS 4354 N NiCuSn EVA Y 0.u52 0.53 1.0 1.0
SP 58487 N Ni-Sn EVA Y 0.006 1.06 098 1.0
S0 011 N Prim Ag EVA [ 0,346 073 09 4.3
AS 021 N Print Ag EVA N 0.205 094 098 4.3

* Vaiues in last column assume that foil medules are water-free (temperzture acceleration only) and
that nou-foil modules instzntly track the environmental temperatuie and humidity
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Conclusions

-

-

P e An equivalence relationship for electrochemical degradation,
based upon equal charge transfer levels, establishes a
correspondence between years in the field and hours in an
accelerated stress test chamber

e e e

o
[ J

Adding voltage to the Block V temperature-humidity test
provides an electrochemical qualification test of modules

. ¢ Equivalent to 1 to 2 years f~r foil-back modules
> Equivalent to 4 to 80 years for non-foil-back modules

¢ Equivalent field years are inversely proportional to the
test voltage

]

o Temperature acceleration ratios are similar for a wide variety .
of module constructions and materials {(factor of 2 per 10°C) !

e w

| A

A7y
i s
e

Humidity acceleration ratios vary considerably (40 to 1),
depending upon module construction and materials

3 e
u-wnvL— -

E'r

Summary and Conclusions

e e T

o Center-tapped grounded arrays appear to be a preferred
system configuration to minimize electrochemical
degradation ' .

¢ The extent of electrochemical damage is dependent on the :
o integrated leakage current i
ok '
; ¢ PV electrochemical degradation mechanisms in the two ;
“a polarities are different i -
. ]
é ¢ Degradation rates in the two polarities are of the same .
»; order of magnitude h

¢ There is encouraging agreement between theory and
experiment in regard to leakage current respense to applied
voltage, gap magnitude, and encapsulant ion mobility i
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Summary and Conclusions (Cont’d)

o Path resistance considerations suggest the use ot thicker
pottant layers and polymer substrate films to reduce
equilibrium lea cage current values

o A metallized substrate layer, if used, should be isolated
from the pottant and the frame by polyester layers

s EVA modules appear to be consistent with 30-year-life
allocation levels for electrochemical damage

s Temperature acceleration factors are well behaved and
moderately well understood; humidity acceleration factors
vary radically with module construction and materials and
require additional research

Additional Work Required to Finalize Understanding
of Photovoltaic Electrochemical Corrosion

¢ Quantify temperature-humidity dependency of equilibrium
leakage currents

¢ Quantify temperature-humidity levels of encapsulants in
fielded moduies
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L eakage Current Response Mechanisms

b
!
’ ' !* 7 SMALL Uik ¢
: . —_— SakS ANDCR
: "
‘i CELL Al FRAME | P HIGH vOLT A3
! N | 78) o~ LARGE GaPy 2% O
_—_l l ! , LOW VL™ ALE -
d— \
== | —
¥ ‘T_.__' i H
' N —
: =, L
7 |
]
)‘Q § — - “T —L- -~ A
g - | " ¢
3 ! |
3 l ‘_‘1 -} i
II‘ _— - -
" T

Current response characteristics

@—' Water absorption current (impurity ion removal)
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@—v Capacitive charging current
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POLYMER-WATER INTERACTION STUDIES

WILKES COLLEGE

John Qrehotsky

Corrosicn in Sola” Cells
REQUIREMENTS FOR CORROSION
®  DISSIMILAR MATERIALS
® CELL-TO-CELL POTENTIAL DIFFERENCES
®  ELECTRICALLY CONNECTED CELLS

® IONIC CONDUCTING ELECTROLYTE (POLYMER)

fons in Polymers

® ABSORBED WATER IONS
® POLYMER IONS
® PLASTICIZER IONS

® UV ABSORBER AND STABILIZER IONS
v LRO8S ~ LINKING AGEKNT IONS

® CHAIN SCISSION (IONIZING RADIATION) IONS

PRFCEDING PAGE TLANK NOT FILMED
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JRIGINAL PAGE P&

Studies  5r'pooR QUALITY

. WATER ABSORPTION AND DESORPTION
i KINETICS IN EVA AND PVB

HUMIDITY DEPENDENCE OF ELECTRICAL
PROPERTIES OF EVA AND PVB

ie It ~ PLASTICIZER EFFECTS IN PVB

IV -~ RADIATION EFFECTS IN PVB AND EVA

WATER ABSORPTION AND DESORPTION KINETICS IN PVB AND EVA

Weight Characteristics of EVA During
Absorption and Desorption

Temperature ‘go." ted gﬁu g Weo: Wop-Weal Wem-Woel Woa-Wae' Woe-Woal
Humidity . ’*P‘:'-_, H v Measured Apparent True Weight »f Weight of
Pl Gopditions ;e: h!. Weight Final Weight Weight Imually Formed  Imtually Lost
e T O/ (%) ( m'.‘ {gms) Welght Change Change Surface Layes Surface Layer
] _ {mms) (gms} (gr.s} (gms) (@ms}
1
$5/0 *88/100 absorption 1. 600 1691 2.366 . 675 L1486 Nal -
$8/100+88/0 desorption 2 3bb 1. 750 1. 599 151 JT67 - L bl6
T 3/0-+75/100 sbeorption L. 821* 1914 2. 804 890 .983 . 093 -—
75/10075/0 desorption 2.604 2.388 1.824 . 564 . 980 - .4l6
$0/0~60/100 abaurption 1, 520¢ 1,575 2.593 i, 018 1,07 N -
$0/100-60/0 desorption 2-593 2 092 1.519 -8 1074 - &
$uU/) #50/100 absorption 1.670” 1647 2.56% 98 » 968 LudT -
$0/100=250/" desnriticn 2. 56% 2,194 1. 602 . 59¢ L9638 - L 367
$0/0 «30/100 absorption 1, 608° 1. 6ls 2,29% .y b5 Lol -
407100 +40/0  demorpticr. 2,295 2. 149 1. 603 . 546 .692 - , 146

Original we ght of desiccated dried sample.
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TEMPERATURE DEPENDENCE OF THE
NORMALIZED WEIGHT FOR THE INITIALLY
FORMED SURFACED LAYER OF WATER
DURING WATER ABSORPTION IN EVA
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Temperature Dependence of the Normalized Weight
for the Initially Lost Surface Layer of
Water During Desorption in EVA

- bl
' Q ‘ : oam o, 37(10°3) T +20
/ | “ee.

o i - ! ¢ . a
' TeMPIMA TR (OC)

VORMALIPID WOIANT oF /MITIALLY 40T J@EF ALY
tavin or wared. (v . w1/ )
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RELIABILITY PHYSICS

Time Dependence of Normalized Weight Loss
in EVA Due to Water Desorption (40°C)
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Temperature Dependence of the Rate Constant for the
Second-Stage Water Absorption and Desorption in EVA
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Weight-Gain Charac:eristics of EVA in Water Absorption

Due to Surface-Film Formation and Volume Absorption
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Equilibrium Thickness of Absorbed Water
Film on EVA as a Function of Temperature
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RELIABILITY PHYSICS

Water Interaction Comparison of EVA and PVB

WATER SOLUBILITY AT 60°C (w/0)

ACTIVATION ENERGIES (Kcal/mole)
ABSORPTION
STAGE
STAGE Il _
DESORPTION
STAGE |
STAGE Il
STAGE | ABSORPTION RATE OF WATER

PER GRAM OF POLYMER AT 25°C
(gms/hr)

STAGE | DESORPTION RATE OF WATER
PER GRAM OF POLYMER AT 25°C
(gms/hr)
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RELIABILITY PHYSICS

HUMIDITY DEPENDENCE OF THE ELECTRICAL

PROPERTIES OF EVA AND PVB

Current Response to a 390-V Step Voitage for PVB (80°C)

CURRENT (amps) at V = 390 volts
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RELIABILITY PHYSICS

Current Response to a 390-V Step Voltage for PVB (68°C)
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Initial Transient Behavior for the Current Response
to a 390-V Step Voltage for PVB (68°C)

L

-4
-
-

-4

AN

. -
\\.‘!‘%_(";ﬂ o q
o o 1
\ .
[] -
[o]
o

CURRENT (amps) at V=330 volts

28% (1 =12)

° )
o
N o -
)
°
o
o
°
ol | J |
2 4 '
TME (minutes)
223




. WA
:1 o osrwnd o AENCT N

——rr

. T2
TN

TR

RELIABILITY PHYSICS

Proposed Current Response to a Step Voltage
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Current Response Parameters for PVB (68°C)
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lonic and Polarization Components of the
Response Current vs RH (PVB at 80°C)
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RELIABILITY PHYSICS
lonic Resistance vs Relative Humidity (80°C and 68°C)
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Time Corsstants vs Relative Humidity for PVB (68°C)
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Capacitance and (tan 6) vs RH (5C0 Hz and 68°¢()

Soo

Yoo

Y2\

Co/n r,:’quc ¢ (P /dl)

e e
EVA: C=coi5H+ioa

QO
o

pPvi3

C= 28H+1qo

__c___.e___——a-—o——-—o

VA

1 l |

B
Yo éo 8o o
Retatie //umu/o'ﬁ (“%)

-5
rEVﬂ-’ tand = 7('/0‘5) H

PUB: tun§ = S(i0 3) M

(o)

.1 -
2k /

N

7
b~

&EVA
o [0 o © s’ 4
20 vo &0 17

So
Relot ve Hum-Jn“\l (9%

Capacitanice and (tan 6) vs Frequency (68°C/25% RH)

C’¢?¢¢'4a- ce (p (JS‘)

L

100 b

N e
A

EVA
or—oo———0

2l | D B
.8 | s

F’w%“m.( (k"g\

229

$om &

"W
gk
Pve
‘2_
- o
. EVA
CrrTe——r——
.S ! 5

Fvo%uency (RHS)

#d



“§‘& T ""u‘g, \“"”‘1‘»'?\‘ s . . s
4

i RELIABILITY PHYSICS

Current Response to a 350-V Step Voltage
for EVA at Various RH (%) Levels (68°C)
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Parameters for EVA (68°C)
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b e s s st o e e i Dt oo

et e o mamrdhe

lonic Resistance and Initiai Conductance

vs Relative Humidity for EVA (68°C)
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Measure and Calculated Time Constants for
Capacitive Charging of EVA and PVB (68°C)

Humidity %

Time Constants (min.)
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PVB !
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Humidity Dependericies of Selected
Properties of PVB and EVA (68°C)

Capactad L-’x&v'm»\ﬁl/! Observed Dopandencres
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Effects of Plasticizer on the Resistivity of PVB

PVB RESISITIVITY ( £L -cm)
UNPLASTICIZED 3(1019)
PHTHALATE PLASTICIZED 5(109)
PHTHALATE REMOVED 6(10'%)
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RADIATION EFFECTS IN PVB and EVA

Radiation Effects on EVA Resistivity
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Aadiation Effects on PVB Resistivity
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RELIABILITY PHYSICS

Conclusions

|. WATER ABSORPTION EXPERIMENTS
o FAST WATER DESORPTION KINETICS IN PVB AND EVA
& SLOW WATER ABSORPTION KINETICS IN PVB AND EVA
& WATER ABSORBED IN PVB IS LARGE

& WATER ABSORBED IN EVA IS SMALL

il. EL.ECTRICAL PROPERTIES OF PVB AND EVA
» IONIC RESISTANCE : RiFVB < RiEVA 102
® CAPACITANCE : cPYB > cEVA 101
e LOSS FACTOR : tan§PVB > tan$EVA 10°

& HUMIDITY DEPENDENCE : PVB > EVA
® WATER DIPOLE EFFECTS IN PVB

& NO WATER DIPOLE EFFECTS IN EVA

1. PLASTICIZER EFFECTS ON (ONIC RESISTANCE OF PVB
¢ Ri UNPLASTICIZED > Ri PLASTICIZED 105

IV. IONIZING RADIATION EFFECTS ON RESISTANCE OF PVB

AND EVA

e PvB: Ri ¥ As pose?

® EVA: Rit as poset
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RELIABILITY PHYSICS

Future Work

TEMPERATURE DEPENDENCE OF ELECTRICAL PROPERTIES
OF EVA AND PVB

UV LIGHT EFFECTS ON THE ELECTRICAL PROPERTIES OF EVA
AND PVB AS A FUNCTION OF HUMIDITY AND TEMPERATURE

EFFEST ON COMPOUNDING AGENTS ON ELECTRICAL
PROPERTIES OF PVB AND EVA

CORROSION EFFECTS IN SOLAR CELL MATERIALS

THEORETICAL MODELS FOR HUMIDITY DEPENDENCY OF
ELECT<iCAL PROPERTIES
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SILICON MATERIAL OMGNAL pagl s
OF POOR QUALITY

Naresh Roh:atgi, Chairman

This session comprised six presentations covering rescarch on processes
for refining silicon (Si),

Energy Materials Corp. r:ported on ifts program f-om a scaled-up
demonstration of a fused-salt =lectrochemical c2ll for purifying
metallurgical-grade Si fzedst ck. Atcempts Lo operate the cell, which was
designed to produce up to 50 z/h of Si, were unsuccessfal,

The Solar Energy Research Institute discussed research on a chemical
vapor transport process in which HCl is reacted with an alloy of copper and
metallurgical-grade Si, forming predominantly trichlorosilane, and then Si is
deposited by chemical vapor dcposition on a heated filament. The Cu-Si alloy

acts as a filter for impurities, allowing Si to diffuse relatively fast to the
electrode surface,

Union Carbide Corp. described progress in its research on fluidized-bed
reactor (FBR) silane decomposition technology for producing
simiconductor-grade Si. Liners made of quartz of polysilicon werve
incorporated into the F3R to climinate contamination of the product Si by the
metal wall material. Improvements in product purity were obtained, but liners
failed during cool-down after testing.

JPL reported or its program to investigate tue deposition of Si from
silane in FBRs, The six-inch-diameter reactor was provided with a quartz
liner and tests with silane at conceantrations as high as 50 mole % in hydrogen
were successfully made with no liner cracking. Determination of product
purity is under way.

Washington University at St. Louis described progress in modeling silane
pyrolysis in FBRs. A preliminary comparison shows reasonahle agreement of
model predictions with experimental results from JPL FBR tests,

The California Institute of Technology presented results from a program
for deccribing theoretically the growth of Si particles from silane in a
free-space reactor and developing experimentally the conditions for growth of
large particles. Progress was made in understanding how to avoid runaway
nucleation,

PRECEDING PAGE BLANK NOT FILMED
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ORIGINAL PRUL TS N85 - 32412

OF POGR QUALITY
SILICCN REFINEMENT BY CHEMICAL VAPOR TRANSPORT

SOLAR ENERGY RESEARCH INSTITL TE

J. Olson

TECHNOLOGY REPORT DATE
SILICOI MATERIZLS OCTCBER 1, 1984
APPROACH STATUS
VAPOR TRANSPORT PURITICATION OF S -CASTING OF LARGE ALLOY PLATES HAS BEEN
USING A S1:CusS1 SOURCE ACHIEVED

-CHARACTERIZATION OF A LARGER RESEARCH
CONTRACTOR SCALE REACTOR IS NEAR COMPLETION
SOLAR EWERGY RESEARCH INSTITUTE -REFINED SILICON PRODUCT HAS BEEN SHOMN
GOALS TO YIELD SOLAR CELLS WITH NEAR STATE-CF-
STUDY THE OPEPATIHG CHARACTERISTICS OF THE-ART CCHVERSION EFFICIENCIES

THE PURIFICA. 0N PROCESS IHCLUDING FACTOPS
AFFECTING THE PATE,THE PURIFICATION
EFFICIENCY, AND THE PHOTOVOLTAIC QUALITY
OF THE REFINED SILICON

PRECEDING PAGE BLANK NOT FITAMFED ’
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SILICON MATERIAL

impurity mgSi CVT Relined
{ppma) (ppma)
Cu - 0.12 - 0.15
117 < 0.26
15 0.16-1.8
Al > 3400 <0.1-0.98
Fe >2500 <0.13-0.50
Mn 550 < 3.15
Ca 290 <0.07-0.2
Ti 290 ~20.06
v 250 -70.055 - 0.44
Ni 39 -70.13-1.9
Zr 13 0.09
Mo 1.4 - 0.09

tR. H Hopkins, ¢t. al. (n-type base)

‘p-type base
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SILICON MATERIAL
CVT Transport per Mole HCI
1400 1000 800 600 K
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SILICON MATERIAL
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SILICON MATERIAL
T ' ' b '
T, - 672°€}
T, = 1065°C
]
/‘114

-1
// TA s 578°c
— TF = 967°C
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SILICON MATERIAL

Electronic Properties

RECRYSTALLIZED AS DEPQSITED
RESISTIVITY 0,08. 5.1-1
HALL MOBILITY 524
i 1.5x10

PHOTOVOLTAIC CHARACTERISTICS
(N0 AR coavIng)

VIF_REFINER S CONTROL CELLS
V. (4V) €22 604
3 (A 19.6 13.6
£ 0.81 0.81
EFFICIENCY 0,87 09.6%
EASE RESISTIVITY 0.08 0,2
Sample: Si V.. = 0.5945 voits

Date: APR 30 1€84 17:00
= 28.0°C Fill tactor
Efficiency

Temperature

Area = 0.i000 cm?

2.0 . .
1.5

1.0

O.SE

Current (mA)
[ =]

'
°
o

-1.5
-0.20

1]
0 0.20 040  o0.60
Voltage (voits)
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Jie = 19.71 mA/cm?

= 79.94%
= 9.37%

vmn

'mn

he

0.5070 V
1.848 mA
1.971 mA
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N85-32413

A FLUIDIZED-BED REACTOR FOR SILANE PYROLYSIS
UNION CARBIDE CORP.

PoLvcrysTALLINE Stricon R&D

S. lya
TECHNOLOGY REPORT DATE

Octoser 2, 1984

APPROACH

S1LANE DecomposiTion IN A FLUIDIZED
Bep ReacTor

CONTRACTUR

Untom CarBiDE CorPORATION

STATUS

® HIGH-PURITY LINER WAS INSTALLED IN THE
FLUID BED REACTOR.

® LONG DURATION TEST RUNS WERE CONDUCTED.
o FBR PRODUCT wAS MELTED AND SINGLE CRYSTALLIZED.
¢ PRODUCT PURITY IMPROVEMENTS WERE NOTED.,

GOALS

® DEMONSTRATE PROCESS FEASIBILITY.
® DETERMINE OPERATING WINDOW,

o CONDUCT LONG-DURATICN TESTS,

L]

DEMONSTRATE SILICON PURITY.

Summary of Activities

PDU wAS MODIFIED TO INSTALL A HIGH-PURITY LINER.

A SUITABLE LINER SUPPORT SYSTEM WAS DESIGNED AND
IMPLEMENTED.

SEED BED WAS PREPARED BY SCREENING AND ACID WASHING
PURCHASED SILICON FINES,

A LONG-DURATION TEST RUN WAS CONDUCTED USING POLYSILICON
LINER, PRODUCT FROM THIS RUN WAS SINGLE CRYSTALLIZED AND
ANALYZED FOR PURITY,

A HIGH-THROUGHPUT TEST RUN WAS CONDUCTED USING QUARTZ
LINER.

A COLD MODEL WAS CONSTRUCTED TO iNVESTIGATE CUARSE
P RTICLE WITHDRAWAL.
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SILICON MATERIAL

Run Summary: Long-Duration Test With Polysilicon Liner

56 HOURS RUN DURATJON FOLLOWED BY VOLUNTAKY SHUTDOWN,
280 un SEeD GRowN TO 500 um propucT,

SILANE FEED CONCENTRATION IN THE RanGE 10 - 15Z.
AVERAGE DEPOSITION RATE APPROXIMATELY 1 KG/HR,

Kep TEMPERATURE 650 - 7500(,

Usuer 3.5 - 4.0,

COMPLETE SILANE CONVERSION WITHIN THE BED.

SEVERAL X6 F<UDJUCT WAS WITHDRAWN,

FINE POWDER 5.3 1 OF SILANE FEED.

Power consumpPTION 25 KWH/KG.

Long-Duration Run: Mass Balance

IntT1AL BeD WelGHT = 26.7 k6
Sivicon In = 65.0«ke
TOTAL = 89.7 k6
Bep MATERIAL WiTHDRAWN = 83.5 x6
PownerR IN FILTER HoPPERS = 3.8 k¢
TUTAL = §7.3 k6
ExroR IN Mass BaLANCE = 2.7%

Run Summary: High Throughput Test With Quartz Liner

o 10 HOURS TOTAL RUN DURATION,
o MAXIMUM SILANE FEED CONCENTRATION 48%

o  MAXIMUM DEPOSITION RATE 3.8 KG/HR,
e FINE POWDER 6.9% OF SILANE FEED

¢ Power consumpTIiON 8 KWH/KG.

@ SHUT DOWN CAUSED BY HEATER FAILURE,
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Test Product Characterization:

Long-Duration Run With Poly Liner

PARTICLE PROPERTIES

o 500 uM MEAN PARTICLE DIAMETER
e 100 uB/cFr. BULK DENSITY
o SMOOTH, ROUNDED SURFACE

¢ FREE FLOWING

PARTICLE MORPHOLOGY

o DENSE DEPOSITION LAYER

o LAYERED RING-LIKE GROWIH STRUCTURE

GROWTH LAYER TH{CKNESS ~100 uM

PARTICLE PURITY

Fe, Cr, N1 NOT DETECTEP BY EMISSION SPEC
(Fe <20 ppm, CR <S5 ppM; NI <5 ppm)

SAMPLES OF SEED, INTERMEDIATE 8 FINAL PRODUCT
WERE SENT T0 JPL FOR MNEUTRON ACTIVATION ANALYSIS
SINGLE CRYSTAL RESISTIVITY 8 onM-CM, P TYPE

FTIR MEASUREMENTS $:.OWED PPB LEVELS OF BORON AND
PHOSPHOROUS

Plans

ADDITIONAL PURITY RUNS STARTING WITH Union CarBIDE
SEED MATERIAL.

PRODUCT PURITY EVALUATION,
COARSE PRODUCT WITHDRAWAL TESTS,

TECHNICAL AND ECONOMiC ASSESSMENT.

249
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N85-32414
JPL IN-HOUSE FLUIDIZED-BED REACTOR RESEARCH
JET PRCPULSION LABORATORY
N.K. Rohatgi

Silicon Withdrawal System

SAMPLING
st

i— D1STRIDUTOR

REACTOR COOLING WATER
- CHANNEL

N7

D S DR ,\\\'

NI\

Rl

Quartz Liner System Design

¢ PROBLEM
® POSSIBLE BREAKAGE OF QUARTZ LINER DURING THERMAL CYCLE

e DESIGN CRITERION

® NO SILANE SHOULD BE ALLOWED TO FLOW IN BETWEEN QUARTZ
LINER AND STAINLESS STEEL REACTOR WALL

251
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SILICON MATERIAL

Quartz Liner for FBR

(D) HYDROGEN EXHAUST

(@ HYDROGEN INLET

(@ D FFERENTIAL PRESSURE GAGE
(@ CLAMSHELL HEATER

(® THERMOCOUPLE

(® PYROMETER

® @ SILICON CARBIDE HEATER
PISTON
(3 PNEUMATIC CYLINOER
(0 siaNE INLET
@) NITROGEN INLET
"
®
®
D)
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Quartz Liner After Exposure to Silane Prolysis
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SILICON MATERIAL

Purity Experiment

® SEED PARTICLES WERE PREPARED VIA JET MILL GRINDING OF 2 TO 4 mm SIZE
SOLAR GRADE SILICON PARTICLES PURCHASED FROM THE DYNAMITE NOBEL

® EXPERIMENTAL CONDITIONS

AVG. SEED PARTICLE SIZE: 254 pm (+106 TO -425 um)
INITIAL BED WEIGHT: 9 kg ( = 21" BED HEIGHT)

U/Umf =5

SILANE CONCENTRATION: 30% (IN Hp)

BED TEMPERATURE: 650°C

DURATION OF RUN: 4 hrs

PARTICLES WERE WITHORAWN AT 2 hr INTERVALS EQGUIVALENT TO
PRODUCTION RATE

® MASS BALANCE
¢ SILICON DEPOSITED ON THE PARTICLES IN BED » 90%
o SILICON RECOVERED AS FINES = 7.2%

e PRODUCTION RATE: 1.7 kg/hr

Purity of Silicon

¢ EMISSION SPECTROSCOPY WAS USED ONLY TO ESTABLISH IF ANY GROSS
CONTAMINATION WAS CAUSED DURING SEED PREPARATION AND FLUIDIZED
BED PROCESSING

® PURCHASED SILICON PARTICLES AND SEED MATERIAL FOR FBR HAVE METALLIC
CONTAMINATIONS BELOW THE DETECTION LIMITS OF EMISSION SPECTROSCOPY,
SUCH AS Fe = 30 ppmw, CR = 8 ppmw, AND Ni = 10 ppmw

o PURITY CATA DO NOT SHOW ADDITIONAL METAL CONTAMINATIONS IN THE
PRODUCT SILICON. HOWEVER, IT DOES NOT MEAN THAT FBR PRODUCT IS OF
SOLAR OR SEMICONDUCTOR GRADE

® WORK IN PROGRESS
o NEUTRON ACTIVATION ANALYSIS
® PULL A SINGLE CRYSTAL SILICON INGOT
o MAKE RESISTIVITY MEASU.. ZMENTS
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SEM Photographs of FBR Product (650°C, 30% SiHg, 4 h)
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SILICON MATERIAL

Recent Pubiications
o A PAPER TITLEC “FINES IN FLUIDIZED BED SILANE FYROLYSIS® 4AS PUBLISHED IN THE JL.
OF ELECTROCHEMICAL SOCIETY, MARCH 1984.

o A PAPER T{TLED "FLUIDIZED BED SILICOUN DEPOSITION® WAS PESENTED T THE 17TH IEEE PV
SPECIALISI CONFERENCE, FLORIDA, MAY 1-4, 1984.

e A PAPER TIILED “SILCION PARTICLE GROWTH IN A FLUIDIZED BED REACTOR,® WAS SUBMITTED
10 THE AlunE ANNUAL MEETING, SAN FRANCISCO. MOV. 25-30, 1984.
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N85-82415
MODELING OF THE SILANE FBR SYSTEM
WASHINGTON UNIVERSITY

M.P. Dudokovic
P.A. Ramechandran
S. Lai

Objectives

- Development of o mathematical model for fluidized
Jed pyrolysis of silane that relates preduction
rate and product properties (size, size
distribution, presence or absence of fines)
with bed size ond operating corncitions ,
(tempergture, feed concentration flow rate, !
seed size, etc.).

- Development of user oriented clgorithm for

the model.

b

- Parameter sensitivity study of the model. *
P

Needed

- Assumptions on mixing pattern of gas and L
]
solids. =
N
£

- Mass ond energy balances for gas ond sojld
phase,

- Constitutive relgtionships
Homogeneous nucleation rate

CvD growth |

Fines Interactions

Scavenging of fines by large particles

Transport properties in fluldized beds ”

ORIGINAL PAGE VS
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SILICON MATERIAL

Summary of Work Done

The kinetic studies on silane pyrolysis were reviewed
ond all pathways and rate models for Si formotion via
silone pyrolysis were summorized. A CVD growth ond
homogeneous rote form were selected.

A simplified model was developed assuming the
reactor to be completely inixed. This model was
solved for both batch gs well o3 continuous feed
of solids with/without homogeneous nucleation.

A computer progrom was developed for a more
generagl fluidized bed mode! bosed on the modified
two phase theory accounting for CVD growth only,

A detaoiled model based on population bnlonce
aoprooch was developed for predicting oarticle
size distribution of finec when CYD growth,
coagulation, scavenging by seed particles and
homogeneous nucleation take place,
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SILICON MATERIAL

Back-Mixed Reactor Model

(L. Balance on SXH‘ {g)

9U%Cs,f - %Cs,a = V¥ET,1 * Vur,2 * Voo

where

= total rate of CVD on seed particles
HT,1

2
- N'-le /os-xHT

= A exp (-AE/Rng) C',e

VIHT,z : to:iai rate of CVD on fines

V:Ho Z total rate of homogeneous nucleation

(2, Balance on seed solids (uniform particle size)

Tur Hli Psca

-——#T—
L3 bs Psi 4R Nspsi

where i : total rate of scavenging

v
=p . [ max a(v) n(v,t) dv
si .

\I. Energy balance

261
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SILICON MATERIAL

.4) Balauce equation for fines

d niv,t)
at

v/2

* Rel

9

alvet) + v {I(v,t} n(v,t)]

= [ 6(v—v,;) n(v-;,t) n(i,t) dv

(2

_ /vmax

v.

B(v,¥) niv,t) n(v,t) Qv

- Rocalvet) + Siv,t)

where
I(v,t)
8{v,v)

Relu(v,t)

nsca(v't)

S(v,t)

rate of particle growth = dv/dt

: the coagulation coefficient

rate of elutriation = K(v):n(v,t)

rate of scavenging = u(v)-.n(v,t!}

: rate of generation of fines by

homogeneous nucleatiorn = So-é(v-v')

Define the total volume by the first moment:

\
My (t) = ;s ™% n(v,t) dv
*
v
For t e special case: K{(v) = const. K
I{v,t) = v
Lv,v) o= 'I(V + V)
% {v) = const. 1
So v [c11 - {a + K)jt
v = -
My (e [m)] (e 1)

JRIGINAL PR IS
OF PGOR QUALITY
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SILICON MATERIAL

Input Date (From JPL 6-in. FBR Experiments)

1. Reoctor Specificatlons

bed diometer = 15,4 ¢m (6.065* 1.D.)
no. of orifice holes = 4500
orifice area = (0,02 cn?

2. Operating Conditions
total pressure of gas = 1,34 otm
total volumetric flow rate = 600 am>/s - 1200 cm/s
(1.97 moles/min -
3.94 moles/min)
feed ratio of CiH, = 20% - 80%
Initial total wt. of seed solids = 10 to 12 kg

Initiol diometer of seed solids = 200 - 240 um
entering gos temp, = 25°C
woll temo. = 600 - B00°C
distributor plote temp, = 200°C
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SILICON MATERIAL

Back-Mixed Reactor Model

3ed parameters needed

) - heat transfer coefficient

between bed and woll Wender and Cooper (1958)

" - heat tronsfer coefficient
betv..:.. bed and
‘ distributor plote

- bed height at minimum
fluidizing conditions

~mf
Kunii and Levenspiel (1969)

<(R) - elutriotion constant Wen and Hashinger (1960)

<inetic parometers needed

- CVD growth rote lyo et al, (1982)

- homogeneous nucleation

/reaction rate

2grticle interoction porameters needed

cooguiation coefficient for fines

scavenging coefficient
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SILICON MATERIAL

CSTR — Batch Solids (20%)

800

780,

7600

7401
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- L T 1 4
O TER 3
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600 620 640 660 680 700 720 740 760 780 800

wall temp. (c)
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deposition rate (kg/hr)

conversion

1.8
1. 4
] 9, = 1200 M
1.2
1.1 1000
e (329)
-0 ® Barple 1
C. 9 800
p——" 263)
C. 8L
C. 7L
600
(197)
G. 8l

500 620 640 660 6D 700 720 740 760 780 800

wall temp. (c)
.- 0
- Bﬂr.
z. o8
/
o/ [/ s 3 -
i /s ok g
/ 4 600 3494
' 4 800 3129
" o 1000 Z.g;
- SSL [ ] 1200 L

woll temp.
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CSTR — Batch Solids (80%)

SILICON MATERIAL

-

9e = 800 V5

Iududug Homogeneous Nuclealion
A~ Teifing Parnmelers :
Fopi 2 ro oS 6K o«

A—oocl 108" 1045 oo] aol |

V—a00l uxlo" w-uB‘ aol al

l&’a] 1 )

M‘, jg.g

208 5

500

620 640 660 680 700 7210 740 760

wall temp. (c)
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Bubbling Bed Model

fntrained

Product Produce
Particles Partacles Gas
I (S4) t(si I
» I !
s L
Teed Particles ?:Y.;i:)ﬂ ,
$1) L3 ; i !
Heteroyeneous : ? i f
. reaction (r..) ‘ | ’
Transp:rt Cas i ; I Bubble
|sin () - s:(-)dzn.(g)l e
| ¢ I T
! , SR i ' !
) I ﬁ
3} 7‘2 V’;‘"C ™ ﬁe ““Ei Nars '
emulam 1§ the U A S
Same as at pomimunt Inte:stizaal as ~ :
fluidigatron | Feat (CSTR) neLt .
* %) Parfides are mot pregat S A
™ bubbles heat {.n- ; !_—‘-——
. e q
0) Gas yés arc sdids free - !
and malemn Heir QM”J [ “Grid Region T
slye whn the log ngim 1 e
B Bubbley and gus gols 1n Py firw :
5 Smilea (1 w«ﬂ&l’ mired
¢ All stds are well mixed S
* Reaclia ™ the ff&kdﬂ-( Rfm Teed fas (0
is “ynored
S Youmie flawrnTc ™ the bbble
a’d CMB?M:.E‘USC ki %odi'hed twe-phare medel Wit o L0 s

)

%ﬂr, of ﬂer:r'ﬁcfex
5 the same as the

Ta\,. o the enulsim phas.

nucleation
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- ‘ Bed parameters needed
.'g h, - Jjet penetration depth Yang and Keairns (1979)
{ 4, - average bubble diameter
! We ar and Clough (1981)
‘f§ Zb -~ average volume fraction
« { Ly - expanded bed height
- ﬁb - average buhble velocity Kunii #nd Levenspiel (1969)
) ! U, - upward velocity of gas
-k
through the emulsion pha.e ibis
1 Krelp? (Hbe)b - overall mass and heat
i transfer coefficient
betwerr '~ huhhles
\ a3 the inte. tal
' gas ibis
' ch, "jc ~ noverall mass and he st

transfer coefficiert
setween the jets ang ,
t,2 interstitial o s Weimer and Tlough (1981)

hye hgr Loge K(R)

Xinetic paramete.s needed

- CVD growth rate Iya et al. (1982)
- homoganaous nucleation
/reaction rate

Farticle interaction parameters needed

- cougulation coetficient for fines

- rcoavenging coefficient

ve
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(c)

bed temp.
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FBR — Batch Solids (2C%)
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SILICON MATERIAL
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SILICON MATERIAL

conversion

1.00
P 9= 600 W%
— W
C. 9S{.
- - 800
(263) ———]
csoL—" T 1000
WJ\
|
. o 1200
i (39

—

600 620 640 €660 680 700 720 740 760 780 80O

wall temp. (c)

Selected Examples From JPL 6-in. FBR Experiments

Siiicon Seed Experimental Conditions

Waight @ Silane Concen. Bed tomp. Total gas Puration
(Kg) v 8) (*c) flow rate (min)
(um) (moles/min)
Example 1 10.50 227 20 650 3.0 90
Example ? 11.34 212 80 650 2.5 173
Product Comparison
Experimental Data Model Predicted (CSTR) Model Predicted (FBR)
Production rate 3 Production rate a Production rate a
(Kg/hr) (um) (Kg/hr) (um) {Xg/hr) (um)
Example 1 0.e7 235.5 1.00 237.4 0.93 236.6
Example 2 3.50 24).5 3.35 260.3 3.15 251.7
272
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SILICON MATERIAL

ORIGINAL PAUK i
OF POOR QUAL\TY

Conclusion

-— A preliminary comparison with Two exFerimental results
of JPL shows a reasonable agreement of model prdiction
with e}per'»-ncnfs.

— The deros.‘hon ute and conversion of silone are ﬁmd f
be lwer fur the two-phase flaidzed bed mcdel ( FBR mudel)
wompored Ty the el mixed reactr mudel ( CSTR model D .

Only ot low flowrptes the performanes from  both madel
Fr?dicﬁons are close .

—— For the mue ?encrnl FBR model the depo::ffon nle and
Cenversion  qo f‘hmugh a S’iqh‘t mxinum  as the bed
emoeriture 15 increased . Gehioum cha‘;w‘ng CendiTioms
for the bed Tempentie and fourdle can be simulaled by
this model .

Toa (STR mee! whch meoromes oo f'.cmof]eneu&s
WA REeaentiue reackon wos dew'zed predict
e :::r.:m»’:cn ‘caqu!a‘?.’m and SCau':ng‘mj .’/f -)(mes.
?fc’m!ir\dﬂj fesulls show thal  the per«fornmnce Is &ry
semsifve To the Finetic ond deraclon porameters .

The esults cn be mprved by usng A mor2 ralihic
PBR medel ond beffer esfimifes of Famwets .
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N85-32416
| SILICON PRODUCTION IN AN AEROSOL REACTOR

CALIFORNIA INSTITUTE OF TECHNOLOGY
Jin Jwang Wu
M.K. Alam

B. Ellen Johnson
Richard C. Flagan

Siemens Process

BELL JAR

COOLING
COILS

HEATED
SUBSTRATE

/
M
t"""'"'GASEOUS

REACTANTS
i

Silane Pyrolysis

SiH, + M =-SiHy + Hy + M

2 3

a 5

6
SiH, — surface — SiH,

7
surface — SiH, + SiH, — surface — SiH, + SiH
‘ 2 4 3 3
3
8

SiHy + SiHg— SioHg
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SILICON MATERIAL
Aerosol Reactor

« Efficiency - energy & reactant usage
e Product purity
« Continuous rather than batch pro-

cess

e Product particle size D > 10-50 um
to facilitate separation and subse-
quent processing

Simultaneous Nucleation and Particle Growth

on{a,t)/ Pg
at

3 _ _
Py + g Ez[an(a,t)/pg] =J.6(a-a"?)

an/'D
Pe ™ 5i

_ ¢ farn? a0 o A .3
= Cp(_l/;41ra n(a,l)ada Cp Bﬂa* Jo+ R

“raditional approach:

J, = &)

Clearance Volume approach:

J(Cyo) (1) p<c <
c 0 O>1
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SILICON MATERIAL
'0!2
T=800 °K
10"
10'° P,=! Pa
3
P'09
o
'07
10°
|
l
Aerosol Reactor for Growth of Large
Siiicon Particles by Silane Pyrolysis I
1. Generate seed particles by pyrolysis of P

a small amount of silane.

(AV]

. Mix seed aerosol with primary silane
flow, limiting number concentration
such that the amount of silane is

sufficient to grow the desired size of )
particles from the seed. s
3 React the silane at a rate which is con- %\‘

trolled such that the seed particles
scavenge the condensible vapors
rapidly enough tec inhibit {urther
nucleation.
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SILICON MATERIAL
Reactor Optimization

» Control rate of condensible vapor
productxon by limiting rate of tem-
perature increase.

« Maintain (1 > (1 * to prevent nuclea-
tion.

« () depznds on particle size and con-
centration so the growth history is
important.

- Integrate rate equations to evaluate
0O(t). Adjust T(t) to satisfy Q_, >0~
at all times.

« Use high temperature burn-off to
guarantce complete reaction.

WHAT IS THE APPROPRIATE VALUE FOR Q*?

|

3 __1

41N
J.
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SILICON MATERIAL

Conclusion

» Particles of low volatility materials
can be grown to large size in aerosol
. eactors by contrclling the reaction
rates to minimize nucleation.

» The clearance volume model provides
reasonable estirnates of suitable
operating conditions.

s The "total clearance volume fraction”
must be large (order 20-40) to
quench nucleation.

« Nucleation quenching by a growing
aerosol is extremely sensitive to seed
particle size.
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N85-32417
HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH
Taher Daud, Chairman

Progress raports on resesrch in high-efficiency silicrn solar cells were
presented Dy eight contractors and JPL. The presentations covered the issues
of Bulk and Surface Loss, Modeling, Measurements, snd Proof of Concept.

T%+ University of Florida's thecretical work on heavily doped silicon included
¢ energy-gap model, which was ~ompared with photoluminescert and transport
dats. A majority carrier screening model, originally pubii:.hed by C.T. Seh in
1666, was presented with modificeticns. Improvement in the short--circuit
current decay and open-circuit voltage decay measurement methods were
described.

The University of Pennsylveuia described end compared various methods of
neasurement of L or T and s, specielly in the froat region of the cell.
Basic requirements, types cof psramctecs and classification of the methods
regarding various options were givan. Sensitivity analysis of
light-besm-induced curreni (LBIC) method was presented.

Corneil University Zescribed its work on dislocations &nd grain boundarles
using the electron dif{fraction technique. Cornell’s studies on EFG showed
that low concentrations of oxypsen introduced a higher density of twias.
Distribution snd location .i precipitates in processed EFC were also studied,
using TEM anc ®DX,

A comprehensive review of oxygen-rclated and carovon-related defects
presented by Stats University of New York at Albany. I% was polinted -nat
oxygen 18 & bLouc-tenvered intorstitial, which ir mobile, whereas card 18
relatively ismobile, being ¢ nutstitutional impurity in silicon. Dats on
diffusion of cxygen a2:4 various oxide precipitate forwstions were described
alony, with their boading behavior. Other impurities react with oxygen and
carton-relsted drfuccs during processing and w«re therefore importent for
silicon solar cells.

Roreerch T-iangle Instltute described its effort on the comprehensive modeling
of solar cells end elsborated on its analysis of the charge distribution in
the quasineutcel region by consideringe &« Gaussian doping profile in the
emitter vegior. TNesults of measurement vit ¢sllu made Ly Spire Corp. were
compared with the simulated analysis, and a 6.4% correspondence was shown for
data taken &t temp~ratures varying from 28°C to 150°C. Other simulation

plots of photo-excited hole concentration an/ neat charge dietribution were
also discussed,

Anant Mokashi of JPL described etudles using Purdue Research Foundation's
SCAPLID simulscion program. A good mstch was obtained between his result and
MINP solar-cell date published in the literature. The doping profile in the
front region was then altered to show its effect on efficiency. Sensitivity
analysis with 8§, T, BSF and c<ll thickness was also described.
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

The University of Washington uescribed its study of the effects on SiMN.
surface passivetion of gas flow and temperature in the plasma enhanced CVUD
system. Specisl device structures for interfa~e studies, along with e
description of preparation technigues, were described. Surface state density
results were good for devices prepared using the RTA clcsning procedure and
fabricated with g thin cxide and nitride layer and anneslaed -% 450°C. The
layers were fabricated with a subetrate temperature of 270°C. Spectra)
response snalysis was also given for thegse devices. Resul's of electrical
chavacterization and theoretical analysis were described for an MINP cell. A
procedure for preparing 25% ci l1s was described.

C.T. Sah Associates described its ytudy of important loss mechanisms foi
>20% and <20% cells. ¥For <20% cel” . dark currents below 10-13

A’cm? will be required. Preseni ce:ls are limited both py emitier and base
recombination wechanisms. Tu rcach 25% efti.iency, SRH and interband Auger
recombinstion mechaaisms will have to be reduced.

In its effort on high-efficiency solar cells made from silicon web,
Westinghouse has iuvestigated loss mechanisms and fermulated an analytical
model to study the effect of a twin plane on V,.. It shows a fail of V,,

by 20 mV with a twin plane having za interface recowbination velocity of 106
cm/g. Electrical activity of a twin plane is studied on bevelled web material
with the LBIC method. Further, it was shown that so0 web samples showed
increases in Jdiffusion length with tempervature cycling. Thesc diffusior
length data were compared with those froit similar temperature cycling of FZ
silicon material.
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PHYSICS OF HEAVILY DOPEC SILICON AND
SOLAR-CELL PARAMETER MEASUREMENT

UNIVERSITY OF FLORIDA
Fred A. Lindhoim

CONTRACT = FHYSICS OF HEAVILY
DOFED SILICON AND SOLAR—ITELL,

FARAMETER 1ZTASUREMENT

COWNTRACT IR UNIVEROSI TY OF

FFLLORIDA, FIREZD o L.IND. {Ol._mM

GCOOAlL S THIEIEZORY £ EXIFERIMENT O
ENEF\%YGGAF', LIFETIMLC, NEECOME: _
vELOCITY , DIFFUSIVITY, MOERIL_ I TY
IF N &aMND/70R F IS HIGH.

AL S0

ACCURATE DETERMINATION OF Z} S)

IN QUMNSINEUTRAL KREGIONS

REFORT DATE: 1LO/2/76849 (3 MOsS. D

Qolored & Pregented by
C. 722}29 Sat

283



. oy e -
ai;!L?‘?Uﬁg\ﬁh AN
il HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Status (Briefly)

3 Farameters: oEg, Tg,Sges

. I ENERGY —-GAF MODEL DEVELOFED,
1 COMFARED WITH!
FHOTOLUMINMNESCENT

A AND  TRANSFORT DATA.

AEc

@<= ECECTRICAL SHORT-—CIRCUIT

2 CURKENT DECAY (ESCCD? z/

CEVEL OFED AND IMPROVED

P

R @ =. ESCCD AUGMENTED BEY ADMITTANCE
- VS. w AND VI(FORWARD)>
3 ‘4- ESSCD+ADMITTANCE AFPFLIED TO

MEASURE S AND T FOR BAaSE OF

MANY BSF SOLAR CELLS

BSF

-

Publications

[ESSCD IN TRANS ED, Y - §SSCD
2 BEING WRITTEN, 8) BSF
1 ENERGY (Aaff MODEL IN E

FHOTOVOL. TAICS CONF.

ALSO DETAILED VERSION UNDER

REVIEW, FiHAY S o REWV .
CO—WORKERS:= L= NEUGROSCHEL., AL L.
WORK =3 ~. T. LANDSRERERG , Cc.T. SaAat4d,

AIND NEUGROSCHEILL ON ENERGY GAFP.
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HIGH-EFFICIENCY SILICCN SOLAR CELL RESEARCH
Remarks on Energy Gap Model

@ ENERGY GAP = KEY FARAMETER
@® s1viPLE UsSEFUL FORMULA
@ REFRTSENTS EXCPERIMENTAL FACTS

SIK  (OPTICAHL. = 1)

TOOK (TRANSFORT DATA)D
@HEAVILY DOPED (LARGE h OR F)
@HIGHLY EXCITED (LARGE N AND )

STRONG IRRADIATION

P/NM TRANSITION REGION
¥+ peEreENDENCE

SOLAR CELLS AT I0OOoK

EXFPERIMENTS, OTHER T

Frlf LK

P A 1AL frpef o f.
® Simple Understanble Theory :—
Debye (Carreer) Screenin 3, 3 edfmh‘/c

® SAH (1966), Chapter 6 Coulombic
@ SAH, /%Mctt C/mv TR28

T
o SAH, gfme svmzz CELL (i978)

o LiNDSBEEA N1 5. 11064)
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HIGH-EFFICIENCY SiLICON SOLAR CELL RESEARCH

TEWPERATURE DEPENDENCES OF
7o mp/ms Egu 0y a0d Iy
or SILICCH
C. T. Sah, N, J, Nciutt and C. N. Chan
Technical Report Mo. 20

June 27, 1970

Sol{d Stste Llsctramics Laborutory
Techif{cal Report No. 28
June 27, 1374

Electrical foginesring Ressarch Laboretoriss
University of Illincis
Urbana, Iliinois

The actual energy gap aiso includes the electron-hole, electron-

electron and hole-hols electrostatic interaction enesies which red.'ces the

energy gap at high carrier ccncentrations. This effect is represented by aF

AEG = -e/ku(xum) (u}

"

- 1.?3:(10—"/(!.005) Volts (5)
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HIGH-EFFICIFNCY SILICON SOLAR CELL RESEARCH

1984 Lanisbherg Version

EXFRESSION FOR SAP

<=
= = = W = —— -
L] CSa
=
-
= OHE — — C1 p—
G Sa
=
-
- b(N,
< D

SHR INKAGE

—-k(N,P)a
[0 D a

)

Ny —é—): Debye Streening Length

1966 Soh Version : Screeningby jori@(
Carriers on minoritycarrier OFg
NOTE : AEg data is from ?I)](fllonf"fn rriers

X
P-$ o0, |

.-ez

- o %o

LA 34

EE e Vir) r

~
h& —_—
Kt & Hrer , V [

oipg® [P ras "Z%'F-&
e” o © o] L__eZu{;/

o AEG’W‘D ok*
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HIGH-EFFICIENCY 3ILICON SOLAR CELL RESEARCH

Screening Wave Number kp

FOR GENERAL N AND F.

FOR LOW CONCENTRATIONS, FEFRMI

INTEGRALS BECOME EXFONENTIALS:
= =

kb = cffffe N+~ FO>EKTI

OR, FOR DEGENERATE DENSITY N, 4

1,35

= 1= e =
» = (/> <§e m we h > 0N
mM

tMKS unit
(47 of CGs taken out') "

e b e

10- T T T T T T T LERLEILIS UL S N N B B i ¢
m*/m=1.45 )
:
10°F
s | .
E - oo 3
mu O Ref.12 t
<l O Ret.13 ¢ 7
1 fay R.'. 14 t
10 O Ref.15 ¢ 7
L * Ref.16 N
v Ret.17 ¢ ]
I ® Ref.10
i A this work A
100 1 TR O | todal ! ! T{IIE?RJYJ 1.1
107 10% 10'° 10?0 10?1
norp (cm™)
Comparison wilh minority carrier
. v
transporl or pn’ product measurements ;
W bipolan devices : diodes , transistors.
N
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LTSS SR =

AEG (meV)

AEG(meV)

HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

10 LI T 171 T T T T T T T 1
: n- (23) nt )}
LTl e 4
i at m*/m=1.1 )
107 s /s/A aAb -
- A N
i 1
101 N S S S O | 1 W S U A bt
1 018 1 019 1 020 1 021
norp (cm?3) }W
ofwmmescence data. (Dumke)
a3 Dumbe APL 42 196(19¢3)
24, Dumbe , cfﬁP5+ 3201983 AN 13
103 T T T 11 T T T 1T T

m*/m=1.1 —
/ : -
102 oe m*/m=0.45 -

*/m=0.6
° -4
-~ [ ] -
10! " S | L ST | 1 Lo
1013 1 019 1020 1021

nor p (cm™)

5K ‘Photoluminescence and exitation dala

Wognev PR B2, 2002(/9¢¢)
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HIGH-EFFICIENCY

ESSCD

w

QN VS .
CHF"CLF"’ Zé .

G

Prroos- o Aty Wi £

s AL AL B 8 n s s <o
"~

vy

SILICON SOLAR CELL RESEARCH

S T;
MEASUREMENT OF °B£ND rB
o TN QUAsINEUTRAL “rase =
OF BSF CeELLS
— E SSCD <+ slope ¢ <nterces 7"
REPORT IMPROVED =SSC
ELECTRICAL SHORT—CIRCUIT
CURRENT DECAY BY USE OF

FAST MOS TRANSISTOR SWITCH
C(LO s .

2. ADVANTAGE OF ESSCLD VS

OFEN—-CIRCUIT VOLTAGE DECAY,

REVERSE STEF RECOVERY, ETC.

IT AVIOIDS INFLUENCE OF

HOLES % ELECTRONS It B/N

SCR BY FORCING DENSITIES TO

I EQUILIBRIUM VALUES IN 10 ps.

. OTO MEASURE S AND T IIN EASE

YOU NEED SLGOFE OF LOG VY (t)> AND

ONE OTHER FPIECE OF DATA. THIS

IS EEST FROVIDED EY Y (jw.,\V) =

ADMITTANCE MEASURED ON BRIDGE .

Y PROVIDES TWO THINGS:z

(AY SE~ARATION OF QNE I

FROM QNEB I BY CHANGING .

(E) CONFINEMENT OF Y

RESFONSE TO VO_UME «(NOT

SURFACE) FOR LARGE w; THUS

CAN GET * EVEN IF DIFFE._

LENGTH > BASE THICKNESS.

Y(w) acz”uall# =“Cur +Crp= Cgp vs W
G%M/ Vs @

P4

"

X

> .
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

\l Coll Oscillloscope
S ] %
T

logg It)

|<

(a)

Iy

Slope o< Ty =mullimode
when Te ## Lg

base thickness

()]

(b ,Z/d_’; Mzé . _
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HIGH-EFFICIENCY SILICON SOLAR CEL. RESEARCH !
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(Arbitrary Scale)

HF
GQN

PRI

HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

M LI B T T T ™ T
10
Go i/ Ganp= 3
1
0.5
1.0 0
1 . i 1 l A 1 1 1 L 1 1
16¢ 10 102
@ (Arbitrary Scale)
Recommendations
oL.D-RENEWED
® - USE DEW ENERGY GAF MODEL
IN COMIPUTER SIMULATION. A 6
=2 . UiSsSED ESSCD -+~ Y CTJw VD FOR ?B
AND OF BACK SURFACE FIELD.
BSF

NEAR TERM EFFORTSE

@1 NEW EXPERIMENTS TO EXFPLORE
ENERGY GAP MODEL FURTHER. O

O =.- ApAET S AND ZEMEASUREMENTS
TO EMITTER, USING Y(jw) .-

@ S. THEORY TO ACCOUNT FOR AED4AEA
IMPURITY BAND INFLUJUERMCE FOR
MODERATEL.Y HIGH DENSITIES:z 1LO*e

@ 3- ACCOUNT FOR HOLES AND C
AND ELECTRONMS IN SCR O TO S(_‘R
IMPROVE ACCURACY OF OFPEN-— 6
CIRCUIT VOLTAGE DECAY SCR

o 1. aks,0aE,4+4E,

o 2, Sgsry lg, ® SE) Tc
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N85-832419

MEASURING BULK RECOMBINATION RATES AND
BOUNDARY RECOMBINATION VELOCITIES

UNIVERSITY OF PENNSYLVANIA
M. Wolf

Measurement of L (or 7) and s

I, AL METHODS MEASURE SCME OTHER QUANTITY, DEDUCE L (ORT) AND S.

1. IN MOST, THE MEASURED QUANTITY IS ALSO INFLUENCED BY OTHER PARAMETEHS. THESE ARE SEPARATELY MEASURED,
ASSUMED, OR NEGLECTED.

1il. ALL METHODS HAVE RANGES OF 1, 5, JR THE GTHER PARAMETEKS, WHEKE THE LEPENDENCE OF “HE MEASURED QUANTITY
ON L AND/OR 5 15 WEAK,

IV.  THERE ARE STEADY-STATE AND TIME-DEPEDENT MEASUREMENTS. SOME OF THE LATTER STILL DEPEND ON A TRANSPORT
PROPERTY (L), NOT A TIME CONSTANT (7).

V. SOME METHIGS FIND A CONDITION WHEPE THE MATHEMATICAL RELATIONSHIPS BECOME SIMPLE, F.G. REAL AND IMAGIN-

ARY PARTS OF A NUMBER BECIME EQUAL.

PRECEDING PAGE BLANK NOT FILMED
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

r"r‘i-srt‘r‘ri'\s" - (R
T T
| ! o oy
a
4, Loy 11:? el\ ar 3 L -
—1 | Y | M)
Se E !i} dol 4
}
N v
€3 3h3 S(
Re rombination
' ‘JQP\- region
MEASURED QUANTITIY:
M (lWW\'ED' “mrrsn’ Al""Al' Bl""BJ' cl""cK'
VARIABLE VARIABLE CONSTANT
MaY Bt LEVICE EXTERMAL DEVICE
COMPLEN PAPAETERS PARMETERS PARAVETERS
NUMBER
EXAMPLE LH Yer a1 THICKNESSES T ANY OF Al
Spyr Sgyr $-INFLUEN- NOT

Ly Lyr vy CING EWV'T VARIED;
v EXCITATION: RN
LIGHT: N\, F DEPL'N
VOLTAGE: Vy, £ REGION
TERMINAL

TMPEDANCE :

$.2., 0.C.. ETC,

BJ

Basic Requirement for Determination of Both L and u

AT LEAST 2 INGEPENDENT MEASURED DATA (M), Wy NEEDED,

WHICH ARE SENSITIVE TG U AND . IN THEIR RANGE OF INTEREST.
(ONE MEASUREMENT MAY BE SENSITIVE TO ONLY |, OR U, IF THE QTHAR
1S SENSITIVE YO BOTH..

2 11DEPENDENT DATA ARE AVAILABLE FROM:

o CCMPLEX MUMBERS (ONE OPTION)

« VAPIATION OF A SUITABLE PARAMETER (EACH PARAMETER = ONE OPTION)
FINUY: A SENSITIVE DATA PAIR SEEMS THE MORE LIYELY, THE MORE OPTIONS
FOR CBTAINING 2 DATA POINTS EXIST.
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Type of Parameters Varied

'NTERNAL EXTEIRNAL

MINORITY CARRIER

EXCITATION
GENERALLY

REQUIRES
ESPECIALLY '

PREPAREC -
sampLes  LIMITED T REGION BEYOND RIGION
TOBE TESTED UNDER TEST

i.e NONPENETRATING WEAK INFLUENCE OF

LIGHT, SHORT CIRCUIT OTHER REGIONS UNDER
TECHNIQUES SOME CONDITIONS

RECOMEINATION
PARAMETERS AND
OTHER INTERNAL
PARAMETERS
QUTSIDE THE
REGION OF INTEREST
ELIMINATED
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Classification of Methods

VARIED NUMBER
EXTERMAL OF
TYPE | EXCITATION] M PARAMETERS| OPTICNS
ASLBIC LIMITABLE | REAL N !
1
MODULATED
LIGHT | LIMITABLE |COMPLEX| (. N 3
ME THOD
YEVICE A
MP . COMPLEX , 2
MPEBANCE | e penpenT »
lee Ve DEVICE CIRCUIT
COMPLEX \ ]
PAIR | DEPENDENT IMPEDENCE
SCCD NEVICE CIRCUT
DEPENDENT! " | mppence !
|
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

‘Goal: Reduce the Number of Variable or Constant Parameters
(Requirements Listed in Order of wnportance):

1, ELIMINATE IWFLLENCE OF UNMEASURABLE PARAMETERS.

2, FIND SENSITIVE RELATIONCHIP BETWEEN Laniren’ Yeanrey ANO M.

3. METHOD SHOULD BE APPLICABLE TO FINISHED, Ok IN-PROCESS PRODUCT.

4, FIND EASTLY MEASURABLE QUANTITY M, AND EASILY, REPEATABLY VARIABLE PARAVETERS,
5. REDUCE NMBER OF INFLUENCING PARAMETERS.

6. FIND SIMPLE RELATIONSHIP.

The Basic Carrier Diffusion Expression
AN EXAMPLE FOR M: (ASLBIC):
] Y _ (geayeB
M= “cOLL=B§vEB{1*B‘1v %)YEP—A%JL}
(SIMPLEST FORM FOR SINGLE-LAYER FRONT REGION)

WITH THE BASIC VARIABLES:

Y-)éii: A=g  Be=e 00Xy

VERY SIMILAR RELATIONSHIPS FOR OTHER METHODS.
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Ql - -230 2 2.51

02 = u117 b 2.5:
(

1
1

M)

-

.24 1
3.4+ C

3.6 +
3.8 +

(841
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P el ¢

0; = .0R750 : 2.5%

0, = 06696 ¢ 2.5%
L (UM)
N - -_+——4

P

1
200001

L

— +
oegal 8201 o) !
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Measurement Comparison Criterion

SLASITIVITY ANALYSIS DETERMINES THE ERRORS IN CONSEGUENCE OF
INACCURACIES IN THE MEASURED DATA AND THE PARAMETERS,

EXAMPL. ASLRIC:

My =M (LoSoop Ay o) (1)

Mz =p (L. S, Xz, A2 .o .) (2)
IDEALLY. THESE EQUATIONS WOULD EE ANAZYTICALLY INVERIABLE TO:

§$=8§ (”l' Hzl Xl. A2, Az S B1 o) (3

-

L=1 (Ml' Nz. ‘l, A2, AZ v v By

o) W)

AD TEeN PERRIT A SENSITIVITY ARALYSIS SUCH AS:

5§ = 55 |, :Ml + 3 l Hz (5)
;ﬁi fb 3&2 Ml
ui_=gh _:Hl+g+:|,AM2 )
J " M
AS Ed. (1), (2) ARE TRANSCENDEWTAL (3). (4) ARE NOT ANALYTICALLY '
EXPRESSABLE .
HOWEVER:
S=S. M Ay, . .B . D)
IS AVAILABLE. AND COWSEQUENTLY (6). FOR (5), NOTE - ‘;
2
bW, irl
K, lL

WHERE ANALYTICAL TREATMENT NOT POSSIBLE. LINEAR APPROXIMATIONS:

My M e L AP L. ) ¥ T

1Mo e L Ay SQIISF.LF---

My My Sp. Les Ay vv v ) + . oA

2 Febee A 12
° ’gllSF.LF .

M3 Mo+ %§F|

MAY YIELD SQOME INFORMATION ON SENSITIVE RANGES.
304

P e - mm e e e o e A e bt
JURSETE
[}



i W o

e . ——— -

“ ,, .
BT e PRI PPN RE eweren - -

R

b

N85-32420

STUDIES OF OXYGEN- AND CARBON-RELATED DEFECTS

AT A S,

IN HIGH-EFFICIENCY SILICON SOLAR CELLS

STATE UNIVERSITY OF NEW YORK AT ALBANY

J. Corbett

OXYGEN AND CARBON ARE ALMOST ALWAYS PRESENT IN SILICON.

Lo3 ? 10/ cc . 30 ppma

P
£ca Z sx10 /CC, 10 ppma
Ox;qgen comes frowm the silicon source or from quartz boats.

Carbon comes from graphite susceptors in pullers.
WE KNOW THE CONFIGURATIONS OF THESE IMPURITIES:

QXYGEN IS A PUCKERED BOND-CENTERED INTERSTITIAL.
{ OXYGEN 1S QUITE MOBILE. )

CARRON 1S A SUBSTITUTIONAL ATOM.
(CARBON IS RELATIVELY IMMOTJUE.)

BOTH ARE L.ECTRICALLY INACTI.E
IN TH.S FOPM.
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,0-10

10

DIFFUSIVITY

ALTHOUGH THERE HAS BEEN A LOT QF CONTROVERSY AND UNCERTAINTY
CONCERNING THE DIFFUSION COEFFICIEIT OF INTERSTITIAL OXYGEN,
WE NOW KNOW THIS QUANTITY VERY WELL, PRIMARILY BECAUSE OF THE

WORK OF STAVOLA AND OF MIKKELSEN.

1200 1000 800 600 400

1 ¥ T LI T

5 & W' "KELSEN

0 STAVOLA etal.
e CORBETT etol.
e TAKANO AND MAKI]
O SOUTHGATE (KAAS)

..Z~5‘/'-%T
D 2 0-(1¢€

%

1 1 i L 1
Y 1.0 1.2 1.4 1.6
103/7(°K)
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TC)
400
| g T 1 L
| ¢ /
90 -
i Far 254 eV
3
-
w* L-
i © 1380°C FOR 20hrs
O AS PROVIDED
& AS PROVIDED
(DIFFERENT CRYSTAL)
w‘ 1 ] 3 1 1 1
1.50 1.00 1.70 189

10%/7(°K)

A MAJOR ADVANCE IS THAT MODERN QUANTUM CHEMICAL
CALCULATIONS (SNYDER-ALBANY) CAN TREAT THE
DIFFUSION OF OXYGEN QUANTITATIVELY.

BUT STAVOLA ALSO FOUND AN ANOMALQUS DIFFUSION
PROCESS IN SAMPLE WHICH HAD A 2 HOUR HEAT-TRENTMENT

AT 900 C .

THIS ANOMALY REMAINS A MAJQR PROBLEM.

/‘15‘@@%@.
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HIGH-EFFICIENCY SILICON SOLAF CELL RESEARCH

WHY 1S THIS DIFFUSIUN A CONCERN?

MOB'LE (7Y, PHECIPITATES IN A WAY,
AND CARBON MAKES THAT PRECIPITATION EVN MORE COMPLEX.

CONSIDER A SAMPLE THAT HAS HAD A HIGH TEMPERATURE (E.G..
1300 C )} ANNEAL WHICH DISPERSES THE OXYGEN AND CARBON.

FULLER ET AL. (19%4 ! ) FOUND HEAT TREATMENT DONORS BEFORE IT
WAS KNOWN THAT OXYGEN WAS IN SILICON.

KAISER, FRISCH AND KEISS (1957) OUTLINED THE BPUAD PICTUFE OF
THE PROCESSES:

O o+ U ——+le
0 OZ P Uy
— Oy
-—505.

0 ¢ O3
0 0,4
ETC.

SUBSEQUENT WORKERS USING IR, FPR ANL DLTS STUDIES -HOWED THAT
THERE 15 A HILAARCHY QF ROUBLE DONOR DEFECTS.

SUEZAWA AND SUMINO (1984) SHOWED THAT
TD1 = 05
T™Z =
TD3 * Og
TD4 = O¢
01

D6, * 0p

Oy i

pa
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

IR STUDIES NEVEAL BOTH THE HYDROGENI” AND HELIUM-LIKE STATES
OF THESE NINE DOUBLE DONORS.

THE HELIUM-LIKE GROUND STATE IS AT ( E - 0.15 eV ) FOR THE

TD1 AND GETS PROGRESSIVELY SHALLOWER FOR THE REMAINING

DEFECTS. THE THEORY OF THIS PROGRESSION HAS BEEN ESTABLISHED
(CORBETT, FRISCH, AND SNYDER, 1994).

THE DONOR APPEARS TO HAVE A “CORE" WHICH CAUSES THE
ELECTRICAL ACTIVITY AND SUCCESSIVE OXYGENS CREATE THE
HIERARCHY OF DEFECTS.

“CORE" *+ n ( OXYGENS) + 1IDn
THERE ARE A NUMBER OF MODELS FOR THE CORE, BUT THE

FRONT-RUNNERS ARE THE ‘' YLID" AND THE (VACANCY+ TWO-OXYGENS!,
BOTH MODELS ARISING FROM STUDIES AT ALBANY

oxyqen
) e
" ‘/QLJ'
(v-0,)
S H <o) u-b
I.\‘fus"fgﬁa' -
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

THERE HAS BEEN A GREAT DEAL OF PROGRESS IN THE STUDY OF
OXYGEN IN SILICON, AND WE SHOULD SOON UNDERSTAND THIS OLD
PROBLEM.

WE ALREADY KNOW ONE OF THE DIFFICULTIES: THE OXYGEN PRECIP-
ITATION PROCESS GENERATES SILICON INTERSTITIALS ANU THESE ARE
VERY MOBILL ANU REACTIVE.

(s0), + (O —(C),

(), +(B), = (B),
«te.

AND THE PRODUCTS OF THE REACTIONS, E.G., THE CARBON-

INTERSTITIAL AND THE BORON-INTERSTITIAL ARE VERY MOBILE,

REACTIVE AND ELECTRICALLY ACTIVE., AND CREATE OTHER DEFECTS
THAT ARE ELECTRI1CALLY ACTIVE.

FURTHERMORE CARBON SUPPRESSES THE FORMATION OF THERMAL DONORS

AT 450° C, BUT APPARENTLY AIDS THE FORMATION OF “NEW DONORS"

AT 650° C, AND LITTLE HAS BEEN DONE IN STUDYING THOSE
DEFECTS.

RETURN TO THE PRECIPITATION OF OXYGEN.

AFTER A 600 ™C ANNEAL, THE THERMAL DONORS ARE GONE, AND
<110> "RCDS" AND "BLACK DOTS" ARE OBSERVED IN THE ELECTRON
MICROSCOPE.

BOURRET ET AL. (1983) HAVE SHOWN, USING HIGH RESQLUTION
ELECTRON MICROSCOPY, THAT THE RODS ARE COESITE, A HIGH
PRESSURE PHASE OF SILICON-DIOXIDE, AND THE DO01S ARE AMORPHOUS
s10, .

»

-_,
50, emerphnus
AFTER AN 850° C ANNEAL, THE RODS HAVE DISAPTEARED AND

DISLOCATION LOOPS (WITH, PRESUMABLY, COESITE PRECIPITATES)
AND LARGER 510, DEFECTS ARE OBSERVED IN ELECTRON MICROSCOPY.

i

850°C | - .~

e

“d
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

AFTER AN 1100° C ANNEAL, LARGE STACKING FAULTS (AGAIN WITH
OCCASIONAL DECOR? 1 't OF PRECIPITATES) AND LARG™ SILICON
DIOX1DE PRECIPI”™ 'S ARE OBSERVED IN THE ELECTRON MICROSCOPE.

WHY 1S ALL THIS PEKTINENT TC HIGH EFFICIENCY SILICON SOLAR
CELLS?

WE NOW KNOW THAT THERE ARE MANY PROCESS-INDUCED DEFECTS IN
SILICON, SOME OF WHICH ARE THE FAST DIFFUSERS, Fe, Ni, Cu,
Au, ETIC.

ALL OF THESE DEFECTS CAN INTERACT WITH THE OXYGEN- AND

CARBON-RELATED DEFCTS. INDEED THE OXYGEN PRECIPITATION IS

KNOW TO PRCVIDE DEFECTS WHICH ARE HELPFUL IN GETTERING
IMPURITIES.

BUT THE NATURE OF THESE REACTIONS IS STILL LARGELY UNKNOWN.
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COMPREHENSIVE SILICON SOLAR-CELL
COMPUTER MODELING

RESEARCH TRIANGLE INSTITUTE

M.F. Lamorte

Synopsis of Significant Progress

1. Model and analysis of the nat charye distribution
in quasineutral regions (investigation continuing
in collaboration with Professor F A. Lindholm,
University of Florida)

2. Experimentally determined temperature behavior
of Spire Cop. n+pp+* solar cells where n* -emitter
is formed t.; ion implantation of 75As or 3'P
(Acknowledgments: M. B. Spitzer, Spire Corp.;
and Ward J. Collis, North Carolina A&T State
University, Greensboro, N.C.)

3. Initial validation results of computer simwulation
program using Spire Corp. n*pp* cells.

Model and analysis of the net charge distribution in quasi-
neutral regions: a model and a corresponding analysis has
been developed that describes the net charge distribution
which gives rise to built-in electric fields. Conclusions derived
from analysis are:

a. only the redistribution of majority carriers, from their
charge neutrality distribution, may affect the
establishment of high-intensity built-in electric fields

b. charge neutrality exits in quasineutral regions only
for position-independent and exponential doping
concentration profiles

¢. all other doping profiles produce a net charge
concentration distribution

d. new mase action law is developed that applies to
quasineutral regior:s in which charge neutrality
is not present.

oRPCEDRING PAGE LLAMIH NOT FILUED
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Appilication to n+-region:

Electron concentration distribution:
Na(X) = pn(x) + Np(X) — Na(x) = AN,(x)

Net positive charge concentration:
_E d,
T q dx
Mass action law:

b, = ND—NA—Ann \/|7+ 2n;e 2 -1
n 2 Np-Na-An,

e

Ang

for charge neutrality An,, = 0, and p, =
Np-Na
Substitute py, into n,:

n. = No-Na-an, 1/1+ _ %M 2+1]
n 2 Np~Na-An, i

for charge neutrality An,, = 0, and n, = Np—-N, + pj

Application to n+-region with Gaussian Donor
Distribution:

- o kT x
Built-in electric field: E, = ¢ 3 20t
1
€= 1 NA—Ann
Np

Far removed from the depletion region edge: ¢ 1

_ KT x
nT g 2ot
dE, kT 1 I
—— —_— t
™ 3 20t position independen

An, ~ position independent (see Figure 1).
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HIGH-EFFICIENCY SILICOM SOLAR CELL RESEARCH

Figure 1. Representation of the Charge Distribution in the Quasi-Neutral
n-Type Emitter Region of a Solar Cell that Establishes a Built-n Electric
Field Attributed to a Gaussian Donor Concentration Profile.

1020
107 |
e
1013 b
?
. g 10‘7 -
P; -
: H
- 8
. H
- g
. S 1016
K 3]
1015 —
1014 -
1013[
0
’ Position 1n n-Type Emitter, cm
Experimental Data Obtained fromn+pp*
Spire Corp. Solar Cells at 28°C
Cell # fon Dose L QE vOL JSC FF EFF
4408-  (As/P) (lonsicm?) (:m) (@350um) (mV) (mAlcm?) (%) (%)
1B P 1x10* 48 .18 541 20.1 771 8.39
4C P 2x10'* 48 31 577 20.7 79 928
6F P 4x10' 46 44 603 20.5 794  9.81
8C P 8x10'* 56 43 608 21.0 80.1 102
10F P 1x10'5 78 42 610 217 810 107
12C P 25x10' 94 37 610 224 803 11.0
: 14C As 1x10'¢ 37 .31 559 20.1 713  8.03
f 168 As 2x10* 41 42 590 20.6 770 937
. 17F As 4x10 3/ 44 603 20.6 775 9.61
§ 20C As 8x10'* 38 47 605 20.8 795 991
22F As ix1015 40 46 803 20.8 80.7 10.1
24C As 25%10'% 59 44 595 28 741 10.1

Notes- cell area = 4 cm?. T = 28°C. Insolation was AMI, 100 mW/cmZ. No AR coating.
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 2. Experimentally Determined Behavior of Efficiency versus
Temperature Obtained from n+pp * Spire Corp. Solar Cells

Which Do Not Have AR Coatings.

LEGEND
o 18
o 12C
e 14C
a 24C
n r
10}
A\\
9-—-
8-
k3
Iy
S
s
b}
IS
6}
5
4
3 | I J
0 50 100 150

T. Temperature, °C
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 3. Experimentally Determined Behavior of Open-Circuit Voltage
versus Temperature Obtained from n+pp* Spire Corp. Solar Cells
Which Do Not Have AR Coatings.

LEGEND
o8
a 8C
m 12C
600[— & C
0 20C
O 24C
500 -
>
E
3
>
2 400}
5
=
-1
(o]
o
o
>
300}
200 1 I J
[+ 50 100 150

T, Temperature, °C
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 4. Comparison of Experimental Data and Simulation Results
Describing the Behavior of the Short-Circuit Current Density
Versus Temperatures for n* pp* Spire Corp. Solar Cell No. 24C,
Which Does Not Have an AR Coating.

25 —

Experimental
24 —

- 0.0223
3= dT ’

1 / Simulation
22— /

6 4%
. S i‘J—’E = 0.0189 mA cm
dT

-2 TY
21 | 1 J
0 50 100
T, Temperature, °C

Jyc. Short Circuit Current Density, mA em 2

Calculated Normalized Temperature Coefficients of Efficiency,
Open-Circuit Voltage, and Short-Circuit Current Density Obtained
from n*pp* Spire Corp. Solar Cell Experimental Data

. ‘Vhich Do Not Have AR Coatings

"
Dose = 1 x 10¥em-2 Dose = 25 x 10 cm™~?
Percent Percent
Figure of Merit* 31p(1B) T5A8(14C) | Change | 3P(12C) TSas(24C) | Change
1 n(150) -
i A)T "o -49%x1073] ~4.0x1073 +225% | -4.1%1073 | -3.71x1073] + 10.8%
Mo
1V {150)= (Vo)
T ™ _a1x107? —37x1073 +108% | -34x10" | -3.4x107? 0
Vo, aT
¢ ) (150) ~ (J
_ i)_(”_)" 09x1072 1.1x10°3 -182% [+083x10"3| 07Fx1073 -17.1%
G, o
no (Spire Corp ) 8.39 8.03 4.5%% 110 10.1 5.9%
no (NC A&T) 8.2 7.8 5.1% 10.4 98 6.1%
*No AR cosling
A
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH
Figure 5. Simulation of Electric Field Distribution in n*+ of Spire Corp.
Solar Cell No. 24C With Temperature a Parameter.
1x 108 ~

8

e

—

1.4716 x 1078 ¢m

Electric Field Intensity, Ven™ !

1 1 1 { J
%107 g 2 4 6 0 10

Maesh Points in n*-Region
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 6. Net Charge Distribution in the n* -Region of Spire Corp.

Solar Cell No. 24C With Temperature a Parameter.

1x 10"

T

L4
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T

?

5 - 14718 x 10 % cm

= /

378K

Net Charge Concentration, em™3
w
w
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T
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 7. Simulation of Photoexcited Hole Concentration in the
n*-Region of Spire Corp. Solar Cell No. 24C,
With Temperature a Parameter.

T

Pne. Photoexcited Hole Concentration \ 10 0 em 3

[ Y CUDEN SRR S
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 8. Lifetime and Transit Time Simulations of Holes in the n *-Region
ofan*pp* Spire Corp. Solar Cell, No. 24C,
Under Short-Circuit and 27°C.

p—

-

1.4716 x 13°% em

10 /

107 .

108 |
Composite Hole
Lifetime (BBA+TAA+SRH}
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-
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Figure 9. Short-Circuit Current Density versus Base Flectron Diffusion
Length Representing Spire Corp. n*pp* Silicon Solar Cells and
Computer Simulation Results of Cell No. 24C, no AR Coating, and 27°C.

Lic. Short Circuit Current Density mAfem?

24~ CalNo. ™AiDow
® 1 1x 10" em?
a 168 2X 10 em?
8 17F ax M emi
0 20c  BX 10" em?
s 22F 1% 10" em™2
O 24C 2.5 10" em™?
|
23
— —— Lineasr regression 1o exporimental data
of T5As and 3P implanted n*pp* cells [s]
(M. B. Spitzer ot al, 17th Phatovoltaic
Speciahists Cont., May 1-4, 1984)
Computer simulation resuits uning
odll No. 24C. 6.9X 1077 K 7, < 1.7 X 10° sac,
25X 107 3N, > 10X 10" em™?
22
e
dJ -
—¥ 0038 mA/em® — -~
da, -
- ll
7 ~ By 3
= - —— » Q.04 mA/cm
~ dL,
H / v
= S
difference /‘( A
-
" .
20' { } J
30 40 50 60

Ly, Base Electron Diffusion Length, um

Figure 10. Behavior of Short-Circuit Current Density versus Base Electron
Diffusion Lenygth Obtained from Simulating Cell No. 24C,n*pp *,

Jge. Short-Circuit Current Density

2

23—

22

21—

20

Provided by the Spire Corp., no AR Coating, and 27°C,

{ 1 | 1 i 1 -

20

60 80 100 120 140 160 180
Lp, Base Electron Diffusion Length of Cell No, 24C, um
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SENSITIVITY ANALYSIS OF HIGH-EFFICIENCY
SILICON SOLAR-CELL DESIGN PARAMETERS

JET PROPULSION LABORATORY

Anant R. Mokashi

Outline

EXPERIMENTAL VS SIMULATION RESULTS

DOPING PROFILE MODIFICATIONS

SENSITIVITIES OF CRIVICAL PARAMETERS

CONCLUSIONS

Crcss Section of the Silicon Solar Cell
Considered for Sensitivity Analysis

TOP CONTACT (Ti/PdiAg) DOUBLE LAYER AR COATING

] | ]

-—«ﬁ_,_,— et —5_-_—_~_/“.. e -
N *
ULTRATHIN Si0, \SURFACE 5i0, (50A)
P
P+
777777777777
REAR CONTACT
REF: |EEE TRANSACTIONS ON ELECTRON DEVICES, VOL £D-31, NO, 5 MAY 1984
BRECEDING PACE BLANK NOT FILMED ,\\‘
N
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:, Doping Profile of the Silicon Solar Cell

r“ 21

10 T T T T
S
(&)
s
E
Z 10 .
N =
(o]
4 =
. a
: 9
: % 10+ .
- P
. S
) (&)
B 4
. Z 108 =
x
'S O
H (V)
3 2
5 17 i J ! I
1000 01 02 a3 04 05
N DEPTH (MICROMETERS)
Solar-Cell Parameters
o BULK RESISTIVITY - 0.2 Q-cm 2.0 x 10iem’, B)
o MINORITY-CARRIER LIFETIME - 20.0 wsec
e CELL THICKNESS - 280.0 um
e FRONT JUNCTION DEPTH ~0.23 um
o FRONT SURFACE DOPING CONC. - 2.8 x 10%cm’ (PHOS) "
e FRONT SURFACE RECOMBINATION ~ 1,000 cm/ sec :
VELOCITY
e BACK SURFACE CONTACT ~ ohmic
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Experimental vs Simulation Results

Voc lsc FF EFFICIENCY
TYPE (mV) (mA) (%)
EXPERIMENTAL* | 641.11 35,48 0.8220 18.70
L_SIMULAT'ON ® 638.76 35.08 0,834 18.53

* MARTIN GREEN'S MINP CELL

(x) SOLAR CELL ANALYSIS PROGRAM IN 1 DIMENSION (SCAP1D)
DEVELOPED BY PURDUE UNIVERSITY FOR SANDIA LABORATORY

Doping Profile Modification

FRONT FRONT
ORIGINAL TYPE SURFACE | Junction | FF “(C;)ENCY
y A CONC. DEPTH
ORIGINAL | 28x 10% | 0.23um 18,53
19
A 5.0x 109 | 0.2um 19.21
B 20x107 | 0.23um 19, 24
19
C 1.8x109 | 0.2um 19.27
D Lex10Y | 0.19um 1929
£ L1x10Y | 017um 19, %
| F 15x10% | 015um | 10.7
327
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Complementary Error Function vs Profile-D

20

10 T T T T
——  PROFILE-
o~ 1019 - - ERFC D -
5
&
— 1018 ]
2
=
=z T
<10 ]
=z
3
100 -
1015 1 L 1 1
0.0 0.2 0.4 0.6 0.8

DISTANCE IN MIiCRONS

Sensitivity Analysis
CRITICAL SARAMETERS

® SURFACE RECGMBINATION VELOCITY
® MINORITY-CARRIER LIFETIME

® CELL THICKNESS

® BACK SURFACE FIELD

328
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Front-Surface Recombination Velocity Sensitivity

2

19

18

17

EFFICIECY (%)

16

15# :

1 1 1 L

10 102 10° 10 1 10

S (cmlsoc)

Minority-Carrier Lifetime Sensitivity

18 |-

16 |-

14[—

EFFICIENCY (%)

12+ 2

10+ B

1 | ]

1 10 102 10° 10

LIFETIME (us)

—
-
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Qb

EFFICIENCY (%)
= = =

p—
~

Cell Thickness Sensitivity

i

!

200

300

400

CELL THICKNESS (um)

Effect of Back-Surf “~e Field

BACK

BACK

SURFACE | JUNCTION EF”(C;)ENCY
CONC. | DEPTH(um)
2 x 107 0 19,55
1x 1018 2 19.57
5 19.59
10 19,63
1x 10" 2 19,61
5 19,68
10 1476
1 x 109 2 19,67
5 19.74
10 19.78
330
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Conclusions

o THERE 1S GOOD AGREEMENT BETWEEN EXPERIMENTAL AND
SIMULATION RESULTS

o SHEET MATERIAL QUALITY IMPROVEMENT IS NEEDED FOR
HIGH EFFICIENCY CELLS

e 20% CELL OF THIS DESIGN IS FEASIBLE WITH 10 ms
BULK LIFETIME MATERIAL

® FOR ACHIEVING EFFICIENCIES HIGHER THAN 20% NEW CELL
DESIGNS INCLUDING THIN CELLS WITH LIGHT TRAPPING
AND BACK SURFACE FIELD SHOULD BE CONSIDERED

321
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SILICON SURFACE PASSIVATION BY
SILICON NITRIDE DEPOSITION

UNIVERSITY OF WASHINGTON

Larry C. Olsen

Objectives and Approach

OBJECTIVES

o TO INVESTIGATE THE USE OF PECVD SILICON NITRIDE FOR PASSIVATION OF SILICON
SURFACES.

* TO INVESTIGATE MEASUREMENT TECHNIQUES FOR SURFACE RECOMBINATION VELOCITY,

e T0O INVESTIGATE THE [MPORTANCE OF SURFACE PASSIVATION TO “IGH EFFICIENCY
SOLAR CELLS.

APPROACH
SIN, FILM DEPOSITION AND CHARACTERIZATION
o ESTABLISH PECYD SYSTEM
« DEVELOP DEPOSITION PROCEDURES

FILM CHARACTERIZATION
« OPTICAL CHARACTERIZATION -- N and K VS WAVELENGTH AND DEPOSITION PARAMETERS,
* PHYSICAL CHARACTER[ZATION

PASSIVATION STUDIES
* SURFACE STATE DENSITY AT SiN,/S1 INTERFACE FOR MODERATELY DOPED SILICON
SUBSTRATES.
* PHOTORESPONSE OF N/P SOLAR CELLS WITH PECVD SN, FILMS,
* CURRENT-VOLTAGE ANALYSES OF SILICOM CELLS WITH SiNy FILMS.
° ROSIER MEASUREMENT

VREGEDING PaLy DLANK NOT FILMED |

333
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

SiN, Film Index of Refraction vs Silane-Ammonia Ratio

3.0 T T T T T
» SUBSTRATE

28 TEMPERATURE = 270°C -
E ‘ * RF POWER = 1225 W/m?®
3
w 28 |- =
®
§ — —
é 24 \\ -1
4 -~ DECREASED N —
w POWER AND/OR
2 2.2 TEMPERATURE —
8 .
<

2.0 —

1.8 !

0 1 2 3

GAS FLOW RATIO, SiH./NH,

Optical Constants of SiN, Films From
Ellipsometry Measurements

INDEX OF REFRACTION, N

\“"— oiN 84-151 \“—
1.9 1 LS| ! | ! 1 | .001
350 400 450 800 550 600 850 700 180

*MEASUREMENTS TAKEN ON EQUIPMENT PROVIDED BY BATTELLE NORTHWESY LABORATORIES

w - TCERATIT N W s W vme
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Approaches to Investigation of Surface
Recombination in Solar Celis

M-SiNy-pSi STRUCTURE
HIGH FREQUENCY AND
QUASL-STATIC C-v

y4
\ VAV AW AV Y £.0 5 A

) MEASUREMENTS 10
' OBTAIN INTERFACE pSt

STATE OEMSITY,

SOLAR CELL STRUCTURE
PHOTCRESPONSE AT
SHORT WAVELENGTHS
CAN THEORETICALLY
YIELD RECOMBINATION
VELOCITY,

[-V CHARACTERIZATION
MAY ALLOW IDENTIFICATION
OF DOMINANT CURRENT
MECHANISMS .

SPECIAL STRUCTURES (ROSIER)
PHOTORESPONSE MEASUREMENT
WITH SURFACE POTENTIAL
VARTED MAY ALLOW
DETERMINATION OF S,

1-v CHARACTERIZATION
WITH SURFACE POTENTIAL
VARIED ALLOWS DETECTIONW
NF SURFACe RECOMBINATION
EFFECTS,

!
}
;
!
E 335

Lv



o Ui aty el
N

|

HIGH-EFFICIENCY SILICON SOLA® CELL RESEARCH

Results of

| #-. - «;e State Study of SiNy on p-T,; e Si

SURFACE
TREATMENT

RF POWER = 212 4
m

SUBST/.* ' TEMPERATURE | SUBSTRATE TEMFERATURE
T —
160°C 270°C 150°C 270°C

RF POWER = 1225 4

—

ABBREV
CLEAN

RCA
CLEAN

SURFAE
STATE

i

(J
-10"

ABBREV
CLEAN &
NITRIDED

-10%
-10"

RCA
CLEAN &
NITRIDED

—10"

RCA
CLEAN &
THIN OX:DE

RCA CLEAN,
THIN OXIDE
& NITRIOED

Interface State Density vs Annealing
Temperature for SiNy on p-Type Si

§
E
R
g
E 10'¢
»

O RCA CLEAN/NITRIDED/DEPOSIT @160°C
V RCA CLEAN/NITRIDED/DEPOSIT @270 °C (UPPER LIMIT)
[0 RESULTS REPORTED 8 ' HEZEL, ot al.

T T T T T T T T T T T3
= -4
i :
= g A=
= v (N4 v / .
[~ \s l' -
E a..v =
T R RS WS NN TN NS N DA S N I

100 200 300 400 300 800
ANNEALING TEMPERATURE (“C)
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH
internal Photoresponse Analysis
THEQRY
oy} = Spp(a) e TN j 1 l N, PHOTON3

SpnrfA) = (Spyp)

EMIT

. T Y=
N TANX

Ty Talage %ape Moo Kgy) —

M e A/ f//’

-k - A } P

FXPERIMENT

MEASURE : JPH(A). Rx, Nx and KX of SiNx

ANALYSIS: HAVE OBTAINED SINT(A) FOR CELLS WITH SINX LAYERS.
DETERMINED SF ASSUMING A HOMOGEKEQUS EMITTER.

Internal Photoresponse vs Wavelength for
Si n-p Ceil With 100 Angstroms Si0O9

100

8o0. [

s0. [

INTERNAL PHOTORESPUNSE %

zo0. [

S{F)=1.0t+3
S(F)=1.0E+4

B4SINP2
THEORETICAL PARAMETERS: & b
L{F)=1.0 um, D{F)=3.0 cm=2/3, \

L(8)=150 um, D(8)=12.0 omee2/3,

Xj=.20 um, W=,0015 um, H=380 um,

S(8)=1E9 (OHMIC), Aluminum BSR, 1
0.2 ohm—cm N,"¢ 3flicon

i i A - i E_

430 800 750 800 1050 1200

WAVELENGTH(nm)

337
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Internal Photoresponse vs Wavelength for JPL Cell

IMTERNAL PHOTORESPONSE (%)

INTERNAL PHOTORESPONSE (%)

C v < e it 4

10 o T _— T T ™
L
80. 7
/A JPLZ SIN
80. 1 40 S(F)=1.0E+4
e S(F)=3.0E+4
S(F)=1.0E+9
40.} EORETICAL PARAMETERS:
) L{F)=1.0 um, D(F)=2.0 cmee2/s,
L(8)=130 um, D(B)=21.0 cmee2/s,
Nj=.33 um, We 413 um, H=210 um,
20. S(8)=1E9 (ohmic), Aluminum BSR,
2 ohm—-cm N/P Sllicon
0 Il L N — -
300 450 800 750 900 1050 1200
WAVELENGT 4(nm)
100 —
S(F)=1.0E+4
S(F)=1.0E+3
S{(F)=1.0E+8
so0. b
JPLB-3 BARE [u)
JPLA-5.SIN A
80. [ 1
40. T THEORENCAL PARAMETERS: e
L{F)=1.0 um, D(f}=3.0 cmes2/s,
L(B)=140 um, D(B)=~21.0 cmee2/y,
X]=.17 um, W= 413 um, H=319 um,
20. S(8)=1E9 (OMMIC), Aluminum BSR, -
2 chm—em N/P (111) FZ SILICON
o I Y A i ! ~ 'I
300 486 800 780 gCco 100 1200
WAVELENGTH(nm)
338
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

lluminated Characteristics of JPL Cells

(Fabricated by ASEC)

AR ANL® e | Yo TOTAL AREA
CELL ORIENTATION | LAYER | EFFICIENCY | fwA) | (mV) FF Jse
(%) {mA/enm2)
2.3 {100) 510, 15.2 130 | s83 798 32.6
41 {100) $10, 187 129 | 519 .786 32.3
1-5 {160) SNy 14,6 10 | s70 793 32,7
2-6 {100) SN, 147 130 { st 791 32.7
9.1 (111) $10, 15.0 130 | s81 795 32.5
10-2 (111) $10, 15.7 134 | 588 796 31,5
8-5 (111) SNy 14.4 128 | 570 786 2.0
9-2 {111) SN, L 14.8 130 | o3 792 2.8

*EFFICIENCY MEASURED AT JCGS WITH ELH SIMILATOR. THE SIMULATOR HAS BEEN CALIBRATED BY
EXCHANGING A REFERENCE CELL WITH SERI.

LOG(CURRENT(AMPS) 3

Effect of Reactive lon Etching Cell Edges

1T 1T 1 ] I
JPL1-S-ETCH

~1|.9/28/84 —
+« ETCHED

=21 «SIN ~

-3 -

-4 ) —_

—S_x 00. -

S N N WO S B R

'B li 2 I3 I4 -5 Is I?

APPLIED VOL TAGE (VOLTS)

339

eme m———

./

s

”
PaVaLd



TN \‘ AT

ﬁ;}“ (j\\'\ ‘kv“ . ,t .
HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Approach to Dark |-V Analysis

1-V RELATIONSHIP (Vj >> KT)

Imeas L
Iygas = 15 ¢ Vj/nkT ( 7r}’
Y5 ™ Yueas R ugas
= Rsy
lj lol exp(BVj) + 102 exp(VJ./nkT,
FiTTING PROCEDURE Rs
). SELECT Ry AND Rg, _T,
2. GENERATE (1., V;)
}‘——V‘——
3. CONSIOER (I;. V;) FOR REGION 1 !
Ij = 1oy exp(8V;) [ VMEAS———>
Loge(lj) = Loge(10])+BVj
LEAST SQUARES FIT =1 ,, B
4. CONSIOER (15, V;) FOR REGION 2
lj? = Ij - Iol exp(BVJ)
= 102 exp(VJ./nkT) §' REGION 2
LEAST SQUARES FIT =1 ,, B
S. ITERATE BETWEEN REGIONS 1 AND 2 UNTIL
ACHIEVE CONVERGENCE. | REGION 1
6. CARRY OUT STEPS 1 THROUSH 5 FOR v,

ARRAY OF R_ AND R,, VALUES. SELECT
VALUES OF PARAMETERS WHICH PROVIDE
BEST FIT TO DATA.

340
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Emitter J, vs Surface Donor Concentration

for Shallow-Junction n-p Ceil

F.

C a————rea -y

BT TN IS

e e

R U

A

10" T TT] T T T 1] T
JCT DEPTH = 0.2 ym
10" S =10 cm/sec — - 560
— Vocimv)
P O+ N /e
8C = em
8 ‘ -1 820 -
% 10" p— 10* ANUn=1.0
& -] 840
- 660
107 — 10°
— CALCULATIONS BASED
— ON MODEL UF
_ FOSSUM AND SHIBIB
10" l i1 1 Lt ]
10" 10" 10"

Ns(cm-‘)

1 Jog FOR 2 Ohm-cm N/P CELL WITH THICKNESS OF 15 MILS, L(BASE) = 130 um,
D =21 cmisec ' (APPROXIMATE CELLS PROVIDED BY JPL).

2 Jop FOR 0.2 Ohm-cm N/P CELL WITH THICKNESS OF 15 MILS, L(IBASE) =150 um,
D=21cmisec™".

I-V Parameters for Dark Characteristics

LARGE VOLTAGE MECHANISM
Jer BASE ORDERS OF  |. AVERAGE ACTIVATION POSSIBLE
CELL DEPTH | RESISTIVITY | MAGNITUDE ERROR Jo n ENERGY CURRENT
(m) {Ohm-cm) FOR FIT {2 (A/emd) (eV) MECHANISM .
BESL LAVER
L 6 n.4 2 2.8 30 2.0 E-11 | 1.07 0.96 RECOME
(S4Ny) I VIA SHALLOW
! TRAP '
, TRTTTER -
JPL 8-5 0.2 2 2.8 .20 1.7 E-11 | 1.02 1.00 RECOMB WIT :
(S1N) S = 10° to 10° cm/sed
— HEPL TAVER
JPL 9-1 n.2 2 2.8 .9 3.0 E-11 ] 1.06 0.94 RECOMS
(s10y) | VIA SHALLOW
) TRAP
i ENTTTER
JCGS 0.2 n.2 2.0 ! 4 1.3 E-12 | 1.02 1.10 RECOMB W' TH
MINP 88-2 { 1 S = 103 to 10% em/sed
341 ;
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

LOGCCURRENT (AMPS)

Analysis of Temperature-Dependent
I-V Characteristics of JPL Cell

-1

2|

L Rl

R
JPLB-~S
9/14/84

+=3@°C
»=108°C
« 10°C
* 30°C
+ Sa<C

-

1 .2 .3 .4
APPLIED VOLTAGE(C

I-v DATA

.9 .6

VOLTS)

LOGC(IA(A/CM*2)>/T~4)

-9 JB VS. INVERSE TEMPERATURE
! T

SIS,
- ’ 9/49/
18p-e PHI = 1.00 EV
Joa = 5.6X18°5
. M = 4
-ii- o, 0 = 188K
.
"12— ...
_— '1
_13] ¢ -
*
-14 L Loy ¢ 1
3.8 3.5 4.0 2.5

1088, T (DEGREES K>

ACTIVATION
ENERGY
ANALYSIS
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Theory for |-V Characteristics

1. EMITTER RECOMBINATION CURRENT

J = Jog lexpl 3) - 1)
n=1

FOR RM TEMP ANALYSIS:
-
Joz Np't® GF
GF IS A FCT OF Wy, Sp, Dpo & Tp

FOR INTERPRETATION OF TEMPERATURE
DEPENDENT DATA:
—‘i)

Joe = Joo (T exp (17

¢ = 1.20 - (AE) EMITTER
BGN

2. BASE REGION RECOMBINATION CURRENT

J = Jog lexpl, oy - 1]
n=1

= m‘ Lr—‘ . G
NA Tn F
kT

¢ =120 - (4F) BASE
BGN

Jos

= Jog (T expl

4. TUNNELING/RECOMBINATION
J = Joy exp(BV) VO>KT

8 TEMPERATURE INDEPENDENT

Y
kT

Jof = Joo expl(

¢ TYPICALLY O TO 0.5 oV
6. FIELD EMISSION
J = Jog exp(CV)

_ 1
C =r*8®

Jor = Jog #xpl-4/KT)
¢ =fVy t=n"?
8. EDGE LEAKAGE CURRENTS
CURRENT MECHANISMS (3), (4] OR (5)

USUAL SHUNTING MECHANISM
Jgn = V/Rgy

343

AN RN
T Tt
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. DEPLETION LAYER RECOMB!NATION CURRENT

J =Jmoxp|"{ﬁ,)v>>rr

J = J .;t

oR oo exp { o )

$ = (E;—E,) OR (Ec-Ey n=1702

FOR n>2, $>Eg/2 FOR n™1, $~0.8 oV
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

MINP Cell Concept

MIS CONTACT
USING Mg OR Ti
~ COLLECTOR AR LAYER
- GRID

PASSIVATED
SURFACE

N-TYPE ENM/TTER \
1000 A TU 2500 A

P-TYPE
BASE
(0.1 7O 2 Q-cm)

P+ REGION

TO PROVIDE
BACK SURFACE
FIELD

ALUMINUM
BACK CONTACT

Calculated Jpp, for Single and Double AR Layers

48 T T T T T T
46 mil CELL THICKNESS
- PHOENIX SPECTRUM N
L=150, C* mic BACK CONTACT
44 | = == == L=500, BSF —
}_ N:=13 1.4 15 .
_ 42 e — TEXTURED (2L-AR) ]
%
% - -
‘é 40 +— —
2 L TEXTURED  2L-AR Ne=13 1.4 36
H — -
ﬁ 38 —  1LaR e —
E o RLEPARE e
36 |— 2L-AR 1.8 _
g POLISHED
TEXTURED (NO AR) |
34 1L-AR . . T )
- -
32 L ] ! ] 1 ]
1.8 18 2.0 2.2 2.4 2.8 2.8 3.0

N,, INDEX OF LAYER ADJACENT TO SWICON

a4

W e arnven o

pp—
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Projected Performance

30~
TG ACHIEVE 20%
o MUST REDUCE JoE 5
BY DECREASING S 25
Ng AND S, W
o NEED SLIGHT IMPROVEMENT £
INL ]
YO ACHIEVE 25% 2
—_— < 2
o NEED F&P DIFFUSION
LENGTH
* MUST REDUCE
S, 70 10°
o WITH THESE VALUES 15
OF L AND S, Jo
WILL BE DECREASED JscimAicm?)
TO 3 x10-'* A/cm? VoclmV)
¢ MUST USE DOUBLE AR F - _ : ) .
g"&ﬁngaﬁéu"”“ JolAlcm?) 1x16772 45x10°" 2x10°" 3x10°™
opTICAL COMPIEMENT n-VALUE 10 1.0 1.0 1.0 :
Nglem -3) 6x10"? 4x10" 2x10" 2x10"
SSPFRECVEL 10° 0° 07 107
DIFF LENGTH 150 160 200 500 (F&P)
GRID SHADOW a% 3% 3% 2% ,
CELL THICKNESS 15 mils 15 mils 15 mils 10 miis
BACK SURF Ohmic Ohmic BSF BSF
‘.
Key Results and Future Work -
KEY RESULTS !’
ESTABLISHED PECVD SYSTEM,
NEVELOPED PROCEDURES FOR GROWTH OF SiN, WITH APPROPRIATE OPTICAL PROPERTIES FOR
SINGLE AR COATING.
DETERMINEN APPROACH FOR ACHIEVING SURFACE STATE DENSITY <5x1010 cr-2ev-1
ON MODERATELY DOPED SILICON.
DEVELOPED APPROACH FOR REACTIVE (ON ETCHING CELL ENGES TQ INCREASE CELL FF VALUFS.
3
HAVE INITIATED STUDIES OR ROSIER MEASUREMENTS ON SOLAR CELLS. W,
CHARACTERIZED CELLS WITH SiN, AND $10, AR COATINGS WITH I-V ANALYSIS AdD A
PHOTORE SPONSE TO OBTAIN ESTIMATED VALUES FOR S,
FUTURE WORK
INVESTIGA(E EFFECT OF SiN, DN SURFACE RECOMBINATION FOR MODERATELY DOPED
N-TYPE MATERIAL.
INVESTIGATE FEASIBILITY OF ROSIER METHOD FOR MEASURING S ON SILICON SOLAR CELL
STRUCTURES .
INVESTIGATE MINP SILICON SOLAR CELLS.,
- DEVELOP DBLAR AND RENUCE SHADOWING TO ACHIEVE J. = 36 mA/cm?
-~ REDUCE CURRENT LOSSES SUCH THAT y, = 51013 A/cmZ AND n = 1.0
T0 ACHIEVE Vg = 650 mv, FF = .81 and EFF = 19%,
345 A
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IMPORTANT LOSS MECHANISMS IN
HIGH-EFFICIENCY SOLAR CELLS

C.T. SAH ASSOCIATES

g C. Tang Sah

Study of Material Properties and High-Efficiency
Solar-Cell Performance on Material Composition

TASKS

(1) Impurity and Defect Levels
Limiting High Efficiency

B et e i Tyt r—

-8 Cells
‘! e New CVCT - one p/n diode.
" e Ti, Zn, Au, others.
4
; (2) Computer Model - Exact
: e Matured - 1978.

Including All Recombina-

tion Mechanisms and AE..

e Applied - TR.l—5(78-81§
- TR.1 (83)

(3) Funaarental Limitations
on Hign Efficiency Cells.
e Mcechanisms
o < 20% Cells.
¢ > 20% Cells.

e Ultimate Cells.

-

PRECEDING PACE BLANK NOT FILMTFD
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Outline

(1) RECOMBINATION LOSS MECHANISMS
(2) HIGH EFPICIENCY CELLS (<20%)
(1) VERY HIGH EFFICIENCY CELLS (>20%)

(4) ULTRA HIGH EFFICIENCY CELLS (-25%)

Recombination Loss Mechanisms

¢ INTRINSIC - Interband

¢ Auger 25%
# Radiative 25%

® EXTRINSIC - Band-Bound
¢ Impurities
# Defects
# Damages
® LOCATIONS
# Bulk

# Interfaces
¢ Perimeters

15,
0z
:gg‘“|< PP+ suasi-neutraL emities

SRHI_ SPACE CHARGE LAYER

RADIATIVE N )
AUGER NUAST-NEUTRAL BASE 'g

SRH
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Performance Parameters of Very-High-Efficiency
Ideal Diode Silicon Solar Celis (AM1 or AM1.5, 24°C)

source| 1 Jsc {Voc| FF | EFF
(A) (uA) | (@V) x)
Theory | 2.0x1072% | 36.0 | 840 | 0.8664 | 26.0
Thecry | 2.0x1071% | 36.0 | 780 | 0.8588 | 24.0
Theory | 2.0x1072 | 36.0 | 720 { 0.8501 | 22.0

Theory | 2.6x10723 | 36.0 | 660 | ¢.8402 { 20.0

SOLAR CELL EQUATIONS

V
T=3-T(eM-) RADw
—SRH+—

~Jy(eH-1) ave #

~Jnfetini). SRt
o

—— CAN BE
ELIMINATED
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- HIGH-EFFIC!{ENCY SILICON SOLAR CELL RESEARCH

o

(1) RECOMBIMATION LGSS MECHANISMS
(2) HIGH EFFICIENCY CELLS (-20%)

“® BASE RECOMBINATION DOMINATED PERFORMANCE

® CELL PERFORMANCE DATA AND BASE KECOMBINATION L0OS35 THE”RY

(Anslyzed by author er/and Sah)

SOURCE CELL RHO THICK Lb TAU JSZ vOC
(author) 1(PE  ohm-ce (um) {(um) (us) (@A) (mV)
[(IXAXITITTTY SEBBURS QUCERE GRERN DAOR Souad s00t Beae
Green (4 0.2 170 36.0 662
Gireen  Exp M/T/N/P 0.2 280 20 36.0 653
Spitzer Cal 0.3 i3 36.2 627
Spitzer Exp N+/P/Ps 0.3 38U 153 36.¢ 622
Rohatgi Cal 4.0 23 3%.9 605
Ronatgi Exp Ne+/P/Pe 4.0 150 21 35.9 62%
ASFC Cal
ASER Exp N</P W75 620
ASFC MuxExp Ne/p 3».8% 623

FF EFFS  Leff
A (cu/s)

SBLES0 GOSN ravORE

d.840 19.7 8sn

0 A1 39,1

0.834 18.8 1100

0.801 18.0

0.830 18.2 650

0.786 17.1

0.793 17.1

0.799 171

® EASE DIFFUSION LENGTH AND BSF SURF/?“L RECOMBLIRATION

VELOCITY OATA

S0UPCE TYPE RHO TBASE LB TAU SRV
SOGELAUENES URROBYE SRING SFURE SNASE SNCEv DIEPNESN
Neugroschal M+/2/P+ 10 227 k50 (60) 105
Neugroschel N«/P/Fs+ 14 92 600 (363) 189
keug' oschel Ne/2/Ps+ 1.5 226 600 (136) 380
Neugroachel P.,/K/Ke 1.0 320 5n3 (<00} 80
Computed-Sah Pe/N/N+ 0.6 S0 320 39 (128)eff
Grean M/1/N/P 0.2 280 (170) 20 (850)erf
Spitrer Ne/P/Pe 0.3 380 150 (13 (1100)aff
Rohatgt Ne/F/Ps .2 150 263 (23) (652)efr
ASEC N+/P

JSC  VOC EFFS
saeed ene toes
38 6.7 -
19* 605 -
36.0 660 23.0
36.0 655 19.1
36.2 622 18.0
35.5 603 17.1)
3n.8 620 17.1

Logend: Dim.nafons: RHO(oham-ca); TBASE, LB(microna): TAU(mfcrosec.);

SRV(ca/s}; JSC(mAscm“2); VOC(mV); Values in (

) are somputs.

( Jeff is the e"fect‘ve valua to give tur J1. All at AMV.5

sxcept ® at AMO.

(1) RECOMBIANTION LOSS MECHANISHS
(2) HIGH EFFICIENCY ZELLS (<20%)

(3) VERY HIG.I EFFICIENCY CELLS (>20%)
® BASE RECOMBINATION ELTMINATED

¢ REPUCE BULK RECOMBINATION
s High Base Lifetime
= Low Defects (Flost-2one;
s Low Residual Iapurities (FZ)

# FEDUCE BACK SURFACE RECOMINA-
TION LOSS

Thi- Epitaxial Base.

Grade? Pase.

Back Surf.ce Fleld.

Oxtdized Back Surface.

Interdigit«G dack Contact.

Doped-d ffused Back Contact.

3
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HIGH-El FICIENCY SILICON SOLAR CELL RESEARCH

(1) RECOMBINATION LOSS MECHANISMS
{2) KHIGH EFFICIENC CELLS (<20%)

(3) VERY HIGH EFFIZIEMCY CELLS (.20%)

Ty
¢ ® BASE RECOMBINAT.ON ELIMINATED
s #® PMITTER TECOMBINATION LIMITING
- {Data yet t- be obtained.)
4 4 BULK EMTTTER
, = huger (HL Dop Effect)
% = SRH (with EGN Hi Dop Effect)

n Residual Impurity Centers

4 o Point-Pair Defects (Hi Dop)

. z Gross Defect (Hi Dop Effect)
o Grain Boundary

N o Dislocation
o Lattice Faults
x o Diffusion Piper
# EMITTER/OXIDE INTERFAZE

= Interface States Monitoring
o D035 by MOS HFCV (Terman's)
o SRY by SCD DCIV (:oaler's)
= Interface States Reduction
o U.y/Low-Temp Oxide
o nydrogen Passiv_tion (Stahle?)

[

EMITTER/CONTACT INTERFACE
= M/I/P Tunnelin; Oxide
(Green)

z Polysilicon Emitte.-
(Ning-Isaac-Neugroschel)

FloatiLg Emitter Transisto-~

~ (TI & JPL/Cheng-Sah)

o Ep‘taxial Base/Front-Back
Contacts.

o All Back Contacts.

Lty
1y,
vy vy

I

2 £
"

Summary

5 (1) RECOMBINATION '.J.S MECHANIZS

% Res.dual Impurities.

® fattice Defects.

¢ Interface States.

® Interbatd Auger & Radiative.

(2) HIGH EFFICIENCY CELLS (<2C%)

* J1 > 2.0E-13 A’/cm"2
® Back Surface Recombination.
#% Base Recomcination LIMITINC.

(3) VERY HIGH EFFICIENCY CELLS (>20%)

® Jt < 2.0E-13 A/em"2

® Eliminate Basc Recombination.

® Eliminate Zac Surface & BSF
Layer Recomhianticon Losses.

®* Emitter Recombination LIMITI%G.

‘4 ULTRA HIGH E™ [CLENCY CELLS ("25%)

J1 < 1.0E~16 A/cu"?2
Elininate All Extrinsic

. Recombination Losses.

i o Residual Ir "irities.

o 1ttice Defec.a.
Elimiinate Perimete- Dama,eo.
Design away Auger Exjtter
Recizbiantion.

T.terdand Auger and Radiative
in da:e LIMITING.

WIS g
L]

s

¢

.
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DEVELOPMENT OF HIGH-EFFICIENCY
SOLAR CELLS ON SILICON WEB
WESTINGHOUSE ELECTRIC CORP.

A. Rohatgi
D... Meier
R.B. Campbell

R.G. Seidensticker
P. Rai-Choudhury

Specific Tasks
o |nvestigate The Heat Treatment Effects On Web Quality
o |nvestigate The Influence Of Twin Plane Lamellze,
: Trace Impurities And Stress On Minority Carrier
i Lifetime

o Fabricate High Efficiency Web Solar Cells

Milestone Chart

g 1984 1985
; AMJJASONDIJF
; Task 1. Investigate Lifetime In Web 4
i Task 2. Develop Process Techniques 4
; Task 3. Reduce Surface Recembination * —4
% Task 4. Provide Samples To JPL a L
; Task 5. Fabricate Web Solar Cells —
pt Task 8. Support Meotings As Required By JPL

Tatk 7. Bocumentation Aabrssnoaaa
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Calculated AM1 Performance of Standard Web Cells
With Base Diffusion Lengch as a Farameter

Cell Base: 4 Ohm-cm (3.5e15/cm3) P-Type,
150 Microns Thick

Ln Joe Job Jse Voo Eff  Eff
(Microns) (A/cm3) (A/cm3) (mA/em2) (V)  FF (%) (%)

10 1.6e-12 32.1e-11 24.6 471 793 9.2 83
30 1.6e-12  9.5e-1l 30.6 508 .80z 125 11.2
60 16e-12  5.3e-11 33.2 525 809 141 127
150  1.6e-12  2.0e-11 36.5 531 815 164 148
300  16e-12  1le-ll 37.6 566 .819 174 157

Note:
1. Calculations Were Made Using Martin Wolf's Program SPCOLAY.BAS

2. Calculated Values Do Not Account Fcr Grid Shadowing. Light Reflection.
Or Resistive Losses. In Order To Estimate These Effect, The Calculated
Efficiency (Eff) Was Multiplied By 90% To Give A More Realistic Efficiency
{Eff').

3. The Model Accounts For Variation In Doping Density In The Emitter Ana
In The Back Region. For Both The n+p And p+p Regions The Junction
Depth Was Taken To Be 0.3 Microns With A Surfa.. Conceatration 0f
8.0E19/¢m3.

4. The Surface Recombination Velocity Was Taken As 1G,000 cm/sec 0aThe
Front (AR Coating On Bare Silicon) And 1,000,000 cm/sec On The Back
(Metal On Silicon).

159% Baseline Web and Float-Zone Silicon Cell

n*-p-p* With Single Layer AR And NO Oxide Passivation

Cell ID e Vo FF 7 To
4412-49W 3.8 0588 080  15.0% #0us
Cell 63A, 4 0-cm
FL, 4 0-cm 334 0584 078  152% ASus

racp 0f 40 usecs =360 um Diffusion Length In 4 N-cm Base
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Scatter Plot for As-Growr: Web

Development Furnaces J,N R, and Z are Plotted as 10,11,12, and13

RSN

w

[

TN .

e S

¥

R Y T

{&

O B

1 v 1 v 1 v 1 v 1T v 1 °t 1
Note: B
= 1. Wide Variation from a Given Furnace; —
= 2. SPV Data to be Correlfated with Cell Data,
1= -
(%]
—— . {
Z o .
E .
g B L4 ’ ¢ ?
] . ..
c 40 . * : .
£ . . o . °
N Do : *,
r= : .
01 L
0 1 T 1 | ! 1 1 | ] i [ I 1
0 2 4 6 8 10 12 14
Furnace Number
|
\
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HIGR-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Quench Temperature and Cooling
Rate on Generation Lifetime

Table 4 — Effect Of Queiich Temperature Of Lifetime
And Defects In FZ Silicon?

Quench Temperature, °C Lifetime, us
500 2012
600 2000
700 850
800 73
900 40

0xidation Was Performed At 1100°C With 1% HCI By Using

Back-Surface Damaged Wafers And A Cooling Rate Of 1°C/Min.

1500

Cenerstion Ufetims { 4 secs)

Corve THTH 4

356

{

Lo e e oot e+ WP 'I



HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Process Sequence on Lifetime in FZ Silicon

Process Lifetime
(us)
1% HOI Oxidation At 1100°C 2115
Slow Cooled
J
1 Hr Anneal in N2 At 1100°C 50
Quenched
|
1 Hr Anneal in N7 At 1100°C 1400
Slow Ccoled
1% HC! Oxidation At 1100°C 60
Quenched
|
1 Hr Anneal In Ny At 1100°C 1650
Slow Cooled
|
1 Hr Anneal In N; At 1100°C 40
Quenched

Back Surface Of The Samples Was Damaged

357
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Dry Oxidation Temgerature on SPV
Diffusion Length for a Dendritic-Web Silicon Crystal

100

Diffuslon Length (um)

90

80

-
o

2

5

5

a3
o

10

-

TV T T T T
Siticon Dendritic Web Crystai 1-288-7,3

Heat Treatment :
Dry Oxidation for 1 Hour
Stow-Cool at 1°C/min to 600°C in Nitrogen

[ ]
(As-Grown)

LA 1 1 1 1 1

100 200 900 1000 1100 1200
Oxidation Temperature (°C)
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Diffusion-Length Map of Web Crystais
as a Function of Cell Processing

As After  After After
Sample Grown BSF  POCi, Passivation

ID Crystal 1D L{um) L(um) L(um) L (um)

# 4.229 - 4.2 (0.5 N-cm) 27 51 41 30
$3  4.227-24(..% 0-cm) 27 51 2 26

#5  4225-32(150-cm) 23 9 40
25 1288-55(0<cm) 28 - 52 76
#26 1288-56(A0-cm) 28 - 124 60
#90 1288-74(40-cm) 26 - i10 88

#26 2.244-6.4 (5 Q-rm) 25 40 71 63
#28  2.244 -7.3 (4 Q-cm) 22 74 76 80

#76  3.155-~11.7 (4 Q-cm) 13 151 124 3
#77  3.155-15.5(4 Q-cw) a3 50 78 -
#79  3.155-15.3(4 N-cm) 16 - 91 103

FZ Wacker 0.25 0-cm 216 220 220 225

Note: On 4 N-cm Web Crystals AESD Made Baseline Cells (n*-p-p* With
14.5 - 15% Efficiencies
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HIGH-EFFICIENCY SiLICON SOLAR CELL RESEARCH

‘ Effect of Residual Stress on Diffusion Length in ‘Veb
Silicon Before and After 960°C Boron Diffusion

Residual Diffusion Length  Diffusion Length
Stress As-Grown After BBr3
Crystal Mdyne/cm?2 Microns Microns
1-025-3.4 14 19 16
. 1-025-3.10 40 16 23
’ 1-025-3.15 42 16 12
1-028-12.4 <5 25 27
1-028-12.10 <5 40 -
‘ 1-025-12.16 <5 33 116
- R-461-5.3 <5 17 39
- R-461-5.8 <5 9 -
s R-461-5.13 <5 10 83

Note:

1. Crystal Z-025 Was Grown With J435 Configuration And Crystals 2-028
And R-4561 Were Grown With J460L Configuration;

2. Web Was 4 Ohm-cm, P-type

Observations:

1. Diffusion Length For Web Crystal With High stress (Z-025) Did Not
Improve After Boron Diffusion;

2. In Three Of Four Samples With Low Stress, The Diffusion Length
Improved Appreciably After Boron Diffusion

260

12

sd

:-.sl/'-(;/



HICH-EFFICIENCY SI1ICON SOLAR CELL RESEARCH

Model Calculations for the Effect of Electrical
Activity of the Twin Plane on V¢ in 4 ohm-cm Web Cells

.o T T T ™" T o T T Y Y Y T
Lal0tum '

s Netx i s

5.0 | Twin Plane—""]

~
-
L

»
i
T
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\
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z
—

1g)
I8 e 1
v
[ X 3 3 lﬂ’ 1 /.4 -~
&
1.3} v =
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L9 . L l. I A4 1 A 4 .\ L A 1 3 ]
] " 1 23 » ® ] « »n [ ] L] L] e [} 19 w
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(Y} T T T T Y T ‘lﬂ" T T =T T B B {

Lo l10d ym
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o
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e
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254 $E2w 1208 Vulll“l -
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10 3 1 L b 1 IR AR SN SN S | i

0 0 x » ®© % « n 0 w w W @@ 1% e 1®

Degth | Microns)
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Calculated AM1 Perforinance of Standard and Low-Resistivity
Web Cells With Base Diffusion Length as a Parameter

A. 4 Ohm-cm (3.5e15/cm3) P-Type, 150 Microns Thick
Ln Jge Job Jsc VOC 1] 1
(Microns) (A/emd)  (A/em3) (mA/em2) (V)  FF (%) (%)
10 1.6e-12  32.1e-11 246 A71 793 9.2 83
30 16e-12  9.5¢-11 30.6 508 802 125 112
60 1.6e-12  5.3e-11 332 525 809 141 127
150 1.6e-12  2.0e-11 36.5 551 815 164 148
. 300 i.6e-12 Lle-11 3716 566 .8'9 174 157
: B. 6.2 Ohm-cm (1.0e17/cm?) P-Type, 150 Microns Thick
Lﬂ Joe Job JSC Voc E" Eﬂl
(Microns) {(A/em3)  (A/cm3)  (mA/em?) (V) FF (%) (%)
10 16e-12  7.5e-12 24.2 563 817 111 100
30 1.6e-12  2.5¢-12 30.0 589 824 146 131
60 1.5e-12 1.2¢-12 33.0 501 826 164 148
150 1.6e-12  0.6e-12 35.1 609 .831 178 160
300 1.6e-12  0.5e-12 35.7 611 832 181 163
Note:
1. Calculations Were Mad: Using Martin Wolf's Program SPCOLAY.BAS i

2. Calculated Values (10 Not Account For Grid Shadowing, Light Reflection, Or Resistive Losses. I
Order To Estimate Thase Fifect, The Calculated Efficiency (Etf) Was Multiplied By 30% To Give A
Mors Realistic Efficiency (E5t').

3. The Model Accounts For Variation In Doping Dansity in The Emitter And In The Back Regivn. For
Both The n+p And p+p RuionSTho Junction Depth Was Taken To Be 0.3 Microns With A Surface
Concentration 0f 8.0e19/¢m?.

4. Sgront = 104 cm/sec (AR On Bare Si); Spycp = 108 em/sec (Metal on Si)

R .

~b

»d
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Oxide Passivaticn on 4 ohm-cm FZ Silicon

Table 1 - Baseline Unpassivate” Solar Cells {n*-p-p*)

Fabricated On 4 Ohm-cm kloat Zone Silicon

Short Circuit | Open Circuit Cell
Cell 1D | CuirentJgc | Voltage Voo | Fill Factor | Efficiency
mA/cm? Yolts %
1 33.3 0.582 0.757 14.8
4 32.9 0.581 0.772 147
6 334 0.583 0.780 15.2

Table 2 - (.xide-Pas<ivated Solar Cells On Boron-Doped

4 Ohm cm Float-Zone Silicon

J :T‘—- v - 7

ClD | a/emd) | (volts) FF (%)
: HIEFY 4-4] 36.1 l 0.599 v.794 17.1
! 5| 36.2 0.600 | 0.793 17.2
: 7| 362 0599 | 0.791 17.2
1 * Improvements: Algc ~ 3 mA/cmZ, AVgg ~ 20 mV, An ~ 2%

Al)g ~ Factor Of Two

Solar-Cell Data ¢on 4 chm-cm Web With

and Without Oxide Passivation

; Short-Circuit  gpen-Circuit Cell

: Current Jg¢ Voltage Yy, Fill Efficiency

K CelliD  (mA/cm?) Volts’ "actor (%)

! Without Passivation
W6 327 0.575 0.782 147
LU 33.1 0.577 0.784 15.0

) With Oxide Passivation

' Wl 34.6 G.584 0.784 15.9
w2 34.5 0.586 0.794 15.8
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PROCESS DEVELOPMENT
Dcenald B. Bickler, Chairman

Presentations on 10 process developmant activities were made during this
technolcgy session. A ({0-minute coftee break was included to allow time to
atcend a poster session ccvering four -« pects of FSA im~hnuse research effcrts.

Solarex Corp. presented the status of ~he first portion of a study of
the hydrogen passivation of polycrystalline silicou cells. This centract was
terminated at th> request of the coutractor.

Westinghouse Electric Corp., Advaunced Energy Systems Division, hrs made
progress ou the simultaneons diffusion of front and back junctions. However,
the use of a belt ‘ur -e has beer ruled cut dur to problems with
contaminacion. Very good cell efficiencies have been achieved wvsing
sequential diffr.ion of liquid-dopant-coated dendritic-web cells. Additiomal
expe timents wil. oe made to invectigate different diffusinn techniques. Some
early results with laser drive-in have been promisgii, .

M.A. Nicolet of Caltech reported on progress nn depositic. and
characterization of amcrphous—wmetal films. The goal of low diffusivity has
been achieved; however, the amorphous fiims were found to be reactive with
ac jacent material: such as the suvstr.ie &and various metalli~ overlayers. The
use of metals that have a low reactivity with silicon is being investigated.
Additiou of nitrog-n by reacrive cputtering is one possible solution for

reactivity with metal overiayers.

Robert * 3t of Purd:e University has been adapting his previous
metallo-orgsn. deposition work on ceramics for use on silicon. The choice of
solvencs during the preparation of silver neodecancate is important to the
quality of the final deposited filin. Problems with film adhesion to silicon
have been eased by additicn ¢f platinum 2-ethylh2xau.ate. Additional work
with other additives is planned, with a biamuth compound bei.g considercd.
Some Purdue wateria! has teer used successfully by JPL ard by Westinghouse for
direc. pitterning by lasers.

Westinghouse Electric Corp., R&D Division, hss been exploring
laser—assisted otallization processes. Laser-assisted gas-phase photolysis
has been reviewed buf experimental work was not pursued due to toxicity
problems. Fortunately, the liquid-phase Purdue metallo-org ailcs were
available and were used for laser pyrolysis. Also examined were metal-bearing
polymer tilms. «r iher successful research area has been in laser--assisted
electroplating, vhere adherent fine-line geomeiriee have bezen =thieved.

1he Spectrolab Division of Hughes Aircraft Cevp., las completed ifs
research cn the molybdenum-tin thick-film ink system. Soldering problems
proved to be intractable, but use of a silver ink in a two-atep process did
provide useable cells.

Microwave energy as a neat source for deposition reactors has been
expivred by Superwave Technology, Inc. Use of this technique permits the

365
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separation of the plasma reaction from the substrate deposition area, thereby
reducing depositior temperature and plasma demage. No depositions have yet
been made but are expected soon.

ARCO Solar, Inc., is developing pulsed excimer laser processes for
junction formation surface passivation and front metallization. Laser
drive-in of liquic dopants aund laser annealing of ion-implanted wafers has
been accomplished, but there have been uniformity problems with ion-implanted
wafers. Laser~beam inhomogeneity is another potential problem area.

Another excimer laser effort is the annealing of ion-implanted wafers at
Spire Corp. Both polished and textured wafers are being processed, with
results :quivalent to diffused-junction cells. Either krypton fluoride
(248 n. . or xenon chloride (308 nm) excimer lasers can be used and front
junctic..s as shallow as 0.15 micrometers have been achieved.

Paul Willis of Springborn Laboratories gave a special presentation on
his intended study of the yield sensitivity of encagsulation processes. This
is not presently a .rocess research contractual effort but is appropriate to
FSA's interest in process-yield improvement.

The poster session covered four areas of in-house process research.
Ion-cluster beam deposition of silver on silicon and gallium arsenide has been
demonstrated using a technology originally developed for ion propulsion in
space. A parametric study of a large amorphous-silicon reactor has shown
interesting phenomena not normally found. Some work on the effects of PV-cell
size scale-up was displayed. Finally, the results of a one-dimensional
cell-structure computer modelling program were presented.

Amorphous-silicon film deposition research has defined the region where
formation of powdery deposits of :.lanme polymers is reduced. Depositions
having a light-to-dark conductivity ratio of 10,000 have been made. Operating
voltage of the deposition chember is not a product of pressure times electrode
spacing, as expected; instead, it is a function of pressure ouly. A strong
lateral diffusion mechanism is present in the reaction chamber and is wmost :
encouraging for the formation of large-area constant-thickness depositions. R

ARSI ST 2
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PROCESS DEVELOPMENT

SOLAREX HYDROGEN PASSIVATION
JET PROPULSION LABORATORY

P. Alexander

CONTRACT OBUECTIVE: DR OGENATlDNZOF

INVESTIGATE THE EFFECTS OF HY
POLYCRYSTALLINE SILICON MATERIAL. USE C
MATERTAL &S CONTKOLS.
APPROACH.  ° FABRICATE A DC PLASMA HYDROGENATION SYSTEM
° MEASURE CELL CHARACIERISTICS BEFQRE AND AFTER HYDRO-
GENATION CELL CHARACTERIZATION TO [NCLUDE: LIGHT AND
DARK IV DATA, LBIC GRAPHS, DIFFUSION LENGTH MEASUREMENTS

° ANALYIE DATA, DRAW CONCLUSIONS

PROGRESS:  ° DC PLASMA HYDRCGENATION SYSTEM COMPLETED
° NC HYDROGENATICN DATA WAS GENERATED

® COATRALT WAS TERMINATED AT THE REQUEST OF THE CONTRACTCR
- AUGUST 0984

Solarex Hydrogenation Equipment for Polycrystalline Cells

HIGH HHY
VOLTAGE R } «~—- ANODE

SUPPLIES

’
HEATER |

T/C AC
HEATER
CONTRNLLER
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SIMULTANEOUS JUNCTION FORMATION

WESTINGHOUSE ELECTRIC CORP.
R.B. Campbell

Contract Information

OBJECTIVE: INVESTIGATE HIGH-RISK; HIGH-PAYOFF IMPIOVEMENTS
TO WESTINGHOUSE BASELINE PROCESS SEQU:ZNCE

TIME PERIOD:  MARCH, 1984 - OCTOBER, 1984

Contract Tasks

o  EVALUATE FEASIBILITY OF SIMULTANEOUSLY FORMING BACK & FRONT
JUNCTIONS OF SOLAR CELLS USING LIQUID DOPANTS ON DENDRITIC
WEB SILICON

o COMPARS SIMULTANEOUS DIFFUSION TO SEQUENTIAL DIFFUSION

e TEST OF BELT FURNACE FOR DIFFUSION PROCESS

WHEN SHOWN FEASIBLE:
e DEVELOP PROCESS CONTROL PARAMETERS AND SENSITIVITIES

o  PERFORM COST ANALYSES

Potential Benefits

FEWER PROCESSING STEPS

LESS OPPORTUNITY FOR CONTAMIMATION AMD BREAKAGE DURTHG PROCESSING

DUE TO HANDLING

LESS COSTLY PROCESS

HOWEVER

PROCESS WILL PEQUIRE CAREFUL SELECTION OF DOPANTS, DIFFUSION
MASKS, AND WEB CONDUCTIVITY TYPE

BRECEDING PAGE prax
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PROCESS DEVELOPMENT

Approaches

DIFFUSION

N-TYPE DENDRITIC WEB
- PHOSPHORUS O ARSENIC FOR BACK N*N JUNCTION
- BORON OR ALUMINUM FOR FRONT P*N JUNCTION

P-TYPE DENDRITIC WEB "LOW RESISTIVITY)
- PHOSPHORUS FOR FRONT N*P JUNCTION
- BORON OR ALUMINUM FOR BACK P*P JUNCTION
- BACK SURFACE DAMAGE

BASELINE PROCESS EXCEPT FOR DIFFUSION

TEST OF VARIOUS VENDORS' DOPANTS AND DIFFUSION MASKS

EXCIMER LASER DRIVE IN
- PHOSPHORUS, BORON, AND ALUMINUM DOPANTS
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PROCESS DEVELOPMENT

[T S S

Results: n-Type Web

e LIQUID SOURCE - SEQUENTIAL DIFFUSION OF B (FRONT) AND P (BACK)
PRODUCED CELLS WITH nyy >13%

e LIQUID SOURCE - SIMULTANEOUS DIFFUSION USING B & P PRODUCED JUNCTION
DEPTHS OF 0.25 wm (P*N) AND 0.6 um (N*N)

GN B e A e .« e 8 St el

i e  SUITABLE JUNCTIONS ALSO OBTAINED USING BORON (FRONT) AND ARSENIC
: (BACK)

= IN ANY EXPERIMENT WHERE TWO DOPANT SPECIES WERE PRESENT, CELL
PROPERTIES WERE DEGRADED DUE TO CROSS DOPING OF THE FRONT JUNCTION

» CELL EFFICIENCIES VARIED FROM <1% TO 6-7% WITH A FEW CELLS >10%

ol » CROSS DOPING ALSO OCCURRED WHEN SIO, DIFFUSION MASKS (LIQUID OR
THERMAL) WERE USED

= EFFECT ALSO OCCURRED AT LOWER DUFFUSION TEMPERATURES

« PROBLEM DUE TO HIGH MOBILITY OF P AT DIFFUSION TEMPERATURES
REQUIRED ;

- o EFFECT STUDIED USING DARK 1V AND CONDUCTIVITY MEASUREMENTS !

capg A - e

Tew Y

TRV AP RIS -ope e

v

pverin. 1
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PROCESS DEVELOPMENT

L P

Shorting Paths in Front p * n Junction Due
to Contamination With Back-Surface Dopant

__I____SL.._/‘]‘__
p*

N BASE

v

Results: p-Type Web

e SHALLOW B-DOPED BSF DUE TO LOW TEMPERATURE DIFFUSION (REQUIRED FOR

FRONT P-DOPED JUNCTION); HIGH RESISTIVE CONTACT PROBABLY SCHOTTKY

BARRIER. rpqy = 7%

* AL BSF ALSO GAVE HIGH RESISTANCE CCNTACT WITH np,, = 8%

« CELLS OF >12% EFFICIENCY FABRICATED USING PHOSPHORUS FRONT DOPING

ONLY WITH THE BACK SURFACE DAMAGED :0.5 acm - 1.5 acm)

« NO NOTICEABLE CROSS NOPING IN CELLS

Belt Furnace Test
=  TEST CARRIED OUT AT RADIANT TECHNOLOGY CORPORATICN
« PROPER TEMPERATURE AND TEMPERATURE GRADIENTS OBTAINED
« SUITABLE JUNCTION DEPTHS OBTAINED

o (CELLS SHOWED EFFECT OF CROSS-DOPING
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OF POOR QUALITY,
Junction Formation Using an Excimer Laser

APPROACH
HEAT SURFACES OF WEB WITH LASER TO DRIVE IN LIQUID DOPANTS

CONDITIONS
WAVELENGTH - 3080 M
PONER INPUT TO MEB 1 ~ 2 J/cm?

EXPERIMENT
DRIVE IN B, P, AND AL INTO BOTH N-TYPE AND P-TYPE WEB

INITIAL STUDY CARRIED OUT AT MATHEMATICAL SCIENCES NORTHWEST, INC.

Sample 17B, p-Base Web, Phosphorus Emitter 1.15 Jiem2

-
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J
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PROCESS DEVELOPMENT

Sample 17B, p-Base Web, Boron BSF 1.15 J/cm2
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Results: Excimer Laser

o JUNCTION CHARACTERISTICS
N*N OR N*P (PHOS. DOPED) Co = 1019/cm2 X; = 0.2 - 0,25 um
P*N OR P*P (B DOPED) ESSENTIALLY NO JUNCTION

P*P (AL DOPED) SHALLOW JUNCTION

e CELL PROPERTIES
P TYPE WEB, npq, = 9% - DUF TO HIGH RESISTANCE BACK CONTACT (BOTH B & AL BSF)

N TYPE WEB, n.. <1% - POOR B DOPED EMITTER
o LOW DIFFUSION CONSTANT OF BORON WILL REQUIRE HIGHER POWER INPUT
e NO CROSS CONTAMINATION NOTED

o CRYSTAL PAIRS PROCESSED BASELINE SEQUENCE - A= 13.7%

DBiGws s v W
OF POOR QUALITY
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PROCESS DEVELOPMENT

n*p Front Junction by Laser Drive-in

»e - -
a
=
O
)
)
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)z- 107 |- + -
a
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M IEE TR S S S
+
10" 1 1 1 L .
° (X} (¥ wun 0.500 oss 0.780
DISTANCE INTO CELL (uM) 207008134
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PROCESS DEVELOPMENT

%

T

DOPANT CONCENTRATION (1/CM3)
3 -
| F 4

-
©
8

p *p Back Junction by Laser Drive-in

T T T ) |
’ i -l
'Y
* + ¢+ e e
+ “1
1 1 1 1 1
° e are 'Y 0.800 os2 .70 :
DISTANCE INTO CELL (uM) R cad
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PROCESS DEVELOPMENT
Conclusions
o SEQUENTIAL DIFFUSION OF N-TYPE WER - USING LIOUID R & P SOURCES,

CELLS WITH AVERAGE EFFICIENCIES »13X PRODUCED

o SIMULTANEQUS DIFFUSION - N TYPE WEB - WITH PRESENT DOPANTS AND
NIFFUSION MASKS, A SUITABLE PROCESS HAS NOT BEEN DEFINED, PROBLEM
DUE TO HIGH MOBILITY OF PHOSPHORUS AT TEMPERATURES REQUIRED FOR
BORON DIFFUSION WHiCH CAUSES FRONT JUNCTIOM CONTAMINATION.

o SIMULTANEOUS DIFFUSION - P TYPE WER - AL BSF WITH PHUSPHORUS

DOPED EMITTER GAVE BEST RESULTS. FURTHER STUDY PEQUIRED TO
OBTAIN LOW RESISTANCE BACK CONTACT AND OPERATIONAL BSF,

o EXCIMER LASER DRIVE IN

- EXCELLENT PHOSPHORUS DOPED JUNCTIONS FABRICATED BOTH N*P AND N*N

- FURTHER STUDY REQUIRED TO PRODUCE BORON DOPED LAYERS FOR P*N
AND P*P JUNCTIONS

- NO CROSS-CONTAMINATION PROBLEM OBSERVED

n




¥

v
?

A R N WL

e s T

er i bt

‘\l‘x %\\“ﬁ ‘\
W, SO N

N85-32427

AMORPHOUS METALLIC FILMS IN SILICON
METALLIZATION SYSTEMS

CALIFORNIA INSTITUTE OF TECHNOLOGY

Marc-A. Nicolet
Hannu Kattelus
Frank So

The general objective of this project is to determine the potential of
amorphous metallic thin films as a means of improviry the stability of
metallic contacts to a silicon substrate. The specific objective pursued in
the reporting period was to determine the role of nitrogen in the formation
and the resulting properties of amorphous thin-film diffusion barriers.

Amorphous metallic films are attractive as diffusion barriers because of
the low atomic diffusivity in these materials. Our previous investigations
have revealed that in meeting this condition alone, gocd diffusion barriers
are not necessarily obtained, because amorphous films can react with an
adjacent medium (e.g., Si, Al) before they recrystallize. In the case of a
silicon single-crystalline substrate, correlation exists between the
temperature at which an amorphous metallic binary thin film reacts and the
temperatures at which the films made of the same two metallic elemerts react
individually. We thus investigated amorphous binary films made of Zr and W,
both of which react with Si individually only at elevated temperatures. We
confirmed that such films react with Si only above 700°C when annealed in
vacuum for 30 min.

When these films are in contact with metallic polycrystalline films (Ag,
Al, Au, Ni); however, they react at significantly lower temperatures. The
question arises how the reactivity. of an amorphous metallic thin-film
diffusion barrier cac simultaneously be reduced on both sides of the film
(substrate and metallization). Conceptual solutions do exist if the
reactivity of two amorphous binary metallic thin films is low.

Amorphous W-N films were also investigated. They are more stable ss
barriers between Al and Si than polycrystalline W. Nitrogen effectively
prevents the W-Al reaction that sets in at 500°C with polycrystalline W. In
this respect. amorphous W~N films even outperform TiN diffusion barriers.

The study of W-N will continue, and that of Zr-N is planned, to
determine deposition conditions that yield amorphous layers and how the
properties vary with deposition conditions, using backscattering spectrometry,
X-ray diffractic., and sheet resistivity measurements and transmission
electron nicroscopy (TEM) for analysis.

PRECEDING PAGE BLANK NOT FILMED
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PROCESS DEVELOPMENT

Previous Findings

AMORPHOUS FiLMS (Mo-N1, NI W):

- REACT WITH S1 SUBSTRATE AND AL
OVERLAYER BELOW CRYSTALLIZATION
TEMPERATURE T, (600, 650°C).

-~ NI DIFFUSES INTO SI SUBSTRATE,
W DIFFUSES INTO AL OVERLAYER,

- NI-SI REACTION INTERFACIALLY
CONTROLLED AND LATERALLY CONFINED.

-~ ADDING N (NI-N-W) LOWER. Tc T0
~ 600°C, SUPPRESSES Ni-Si REACTION
BELOW 725°C AND AL-W REACTION UP TO

550°C.

Approaches

WAYS TO CIRCUMVENT REACTION:
- Avoip N1 (anp Co, PD, PT), E.G. ZR-W,

- TERNARY AMORPHOUS FILMS,
E.G. Ni-N-W,

- USE BUFFER LAYER,
E.G.

(A) Ni-¥W

N1SI

<S>

~  MULTILAYERED AMORPHOUS FILMS.

!

380
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PROCESS DEVELOPMENT

Results on Amorphous Wgo2rgqq Films

EXPERIMENTAL PROCEDURES:
- ON <100 N-TYPE SI AND 5102 SUBSTRATES.

- R.F. SPUTTERING, 10 MTORR AR, 300 W, z-:,
60 A/MlN; (2 x 10'6 TORR VACUUM) .

- EVAPORATED METAL FILMS (AL, Au, AG, NI
(3 x 107 Torr).

- ANNEALING IN VACUUM < S5 X 1077 Tore,
30 MIN.

-~  RBS AND X-RAY DIFFRACTION,

Crystallization on SiO9

INTERACTICN WITH <51> SUBSTRATE.

- STABLE BELOW 700°C.

- UNIFORM REACTION AT 750°C
(+WS1,. ZRSI OR ZRoSI) SEE FiG. 1

- SAME AS W, ZR FILMS ON <SI> ,

- S1 1S DIFFUSING SPECIES, NOT W, ZR
(NO INTERFACIAL PENETRATION OF <SI>)
REACTION AT T < Te

CONCLUSION

AvoiDing NI (Co, Pp, PT) 1S BENEFICIAL,
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PROCESS DEVELOPMENT

YIELD(ARBITRARY UNITS)

Si
<o

2MeV ‘He*
fe—————— .

As deposited

scesse 750°c.3ol

YIELD(ARBITRARY UN!TS)

0.6 1.0 14
E (MeV)
B 8004 16004 .
2MeV *He'
51 7 A o ZHEY e

eecses 550.C' 30’

As deposited

A~

o ¥

1.0 14
E (MeV)
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PROCESS DEVELOPMENT

Interaction With Au, Ag, Al and Ni Overlayers:
Reactions Below T

[ T ] T T
METAL Au Ac | AL NI 1
=4
F1LM . N .
THICKNESS (A 500 1600 | 1200 1300 |
REACTION . . .
TEMPERATURE (°C) 400 | ~ 550 | ~ 550 550
COMPOUND
PHASES AT AuW AL3ZR
550°C nZr, | Aoze NiZe
AUZRy ALy W

- REACTION LATERALLY UNIFORM FOR NI ONLY.

- PENETRATION OF W INTO AG GRAIN BOUNDARIES
SEE Fl16. 2,
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PROCESS DEVELOPMENT

Schematic of WgoZrg0-Ag Reaction

—_—
Ws0ZRyp
8102
F1e. 3
CoNCLUSTONS

AMORPHOUS W-ZR FILMS NOT OPTIMIZED FOR
STABILITY WITH METAL OVERLAYER.
- CONCEPTUAL REMEDY: AMORPHOUS BILAYER

" } Ay MINIMIZE:
—_— M-Ay REACTION
{ Ay
Ay-Ag Ag
REACT LITTLE } Ag MINIMIZES:
S S S-Ag R:+CTION ,

CONCENTRAT' ON MINIMIZING H-A" REACTIONS.
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Results on Amorphous W-N Films

- NI-N-W SUPERIOR TO NI-W wiTH AL.
- INVESTIGATE W-N VERSUS W
W-N versus ZrN
W-Zr-N,

EXPERIMENTAL PROCEDURES:

- ON <100> N-TYPE 51 AND S10, SUBSTRATES.

- R.F. SPUTTERING, 10 MTORR (AR + Np), N,
CONCENTRATION: 0. 5, 10, 20, 40, 80%, 400 W.
3%; (1 - 107 ToRR vacuuM).

- R.F. SPUTTERED AL FILMS IN THE SAME VACUUM,

- ANNEALING IN VACUUM < 7 - 1077 ToRR,

30 MiN,
- RBS AND X-RAY DIFFRACTION,

. . e N R, T
B el B ooAeTS SR
A
‘v‘
¥
v
;
Py
-
i

o] Crystallization
N, CRYSTALLINE CRYSTALLIZATION
) CHARACTER TEMPERATURE
POLY -
5 POLY -
10 AMORPHOUS 2 500°C
’ 20 AMORPHOUS 2 550°C
40 POLY -
80 POLY -

——

BARRIER BETWEEN SI AND AL FILM,

AMORPHOUS W-N (20% Nz) MORE STABLE THAN W,
SEe F16. 3(A) AND (B).

AT 550°C, 30 mMIN
SLIGHT W CIFFUSION INTO SI
UNCHANGED W-N/AL INTERFACE.

385

)




. ) e vl AT P
0 0 S SN S
)

PROCESS DEVELOPMENT

As deposited

550°C 30
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PROCESS DEVELOPMENT

Comparison With TiN

- TIN AND ZRN STABLE BETWEEN SI AND AL BELOW
~ 550°C.
-~ TIN AND ZR-N FAILURE MAY BE:
1) REACTION TO FORM COMPOUNDS
LIke TiALz (F16. 3(c)) orR ZRALz,
2) LOCAL STRESS-INDUCED CRACKING.

; CONCLUSION

- W-N MuCH BETTER THAN ZR-W AGAINST AL.

- W-N AT LEAST AS GOOD AS NI-N-W AGAINST AL.

Outlook

QUESTIONS: Wuy DOES N IN NI-N-W
INHIBIT LOCAL N1-SI REACTION?

WHY DOES N IN W-N INHIBIT

W-AL REACTION?

STuDY W-N AND W-N/AL
ZrR-N
ZR-W/W-N BILAYER

387
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MOD SILVER METALLIZATION FOR PHOTOVOLTAICS

PURDUE UNIVERSITY
G.M. Vest and R.W. Vest

Approach

1. ldentify ond charocterize sultable metallo-organic (M0)
compounds.

2. Develop generic synthesis procedures for the MO compounds.

3. Develop gener.c fobricotion procedures for screen printing
{nks.

4., Optimize processing parameters for top surface cell
metaliization,

S. Model the inferrelationships between ink chemistry and
processing, and film properties and cell performance.

Ag Neodecanoate Synthesis and Characterization

Reactjon: i
Ry o Ry |
- C - COOH + NH,0H _2 -C-
R - WOH 5eog Ry = C - COON, + Hy0 |
Rg Ry P
Ry Ry
; Ho0 ! '
Rz -C- COONH“ + AQN03 g,c—) Rz - C - COOAg + NHL.OH !
1 | §
Ry Ry

Ry + Ry + Ry = Cghyq

w/0 Silver: 38.7

Form: white solid

Soiubility: aromatic solvents

389
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w/0 Plati:um:
Form: Dlock
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oil
aromatic solvents
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PROCESS DEVELOPMENT OF PG QUALITH
N Thermogram of Ag Neodecanoate in Benzene
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Thermogram of Pt 2-ethylhexanoate in Benzene
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X Thermogram of Ag Necdecanoate Plus
2-ethylhexanoate in Benzene
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Screen-Printing Ink Fabrication
Pure MOC (1) LPure MOC (2) Pure * 3¢ (3) Pure MOC (1)
+ + + +
LB Solvert LB Solvent J LB Solvent LB Solvent
MOC (1) SOLN hoc (2) SOLN 0C (3) souq .. . IMOC (1) SOLN
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HB Solvent(s)

Formulatio

Rotovac
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PROCESS DEVELOPMENT

Critical Steps in Ink Fabrication

Metallo-organic ccmpounds
1. Selection
2. Purity

Low Bolling Solvent
1. Selection
2, Purity

Hich Boiling Solvent(s)
1. Selection

2. Purity

3. Amount
Rotovac

1. Time

2. Temperature

3. Pressure

Low Boiling Solvents Evaluated

xylene

toluene

benzene

tetrahydrofuran

B.P,(C0)

137

111

80

66

393

Comments
incomplete solvent exchange

dark films

incomplete solvent exchange
dark fiims

near complete solvent exchang:
stiver films

near compjete solvent exchong2
silver films

.
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PROCESS DEVELOPMENT

High-Boiling Solvents Evaluated

B.P.(90)
a- terpineol 217-218
butyl carbitol acetate 236-~249
phenyl ether 259
dodecane 215-217
necdeconoic acid 250-257
triglyme 216
decolin " 46-195

ink SPC1-YZ

1. Dissolve x grams of Ag neodecanoate in benzene to give
approximately 11 w/o Ag in so.ution.

2. Add Pt 2-ethylhexanoate in benzene to glve fired com-
position 96 w/0 Ag - 4 w/0 Pt,

3. Add 0.13x grams of butyl carbitnl acetate and 0.26x groms
of neodecanoic¢ acld.

4. Mix in the rotovac for 15 minutes at room temperature
and pressure,

5. Solvent exchange in the rotovoc for 1 hour ot 40°C under
water pump vacuum,

6. The smooth, black ink screen prints well and produces
24.5 w/0 Ag + Pt when fired to 285%C or higher.

394
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Thermogram of Ag-Pt Ink SPC1-1A

PROCESS DEVELOPMENT

TN TR EH T MERERE TT7T7T:T3
T T
. 1 . f ! gttt 1
T v T
i - ' t o P" T
i M b M ' T
sud i r ,i MG Y
1 T 1 I HEH- RE D B
. LS SARR RS NERE i T M
i \ : 1. s il
+
} T 4 Htr_ ) N 0 S O - '} L+ }-L.. = ]
n ’ T N
t T‘-f — - I‘! ‘ 41 IR =) "~~1p—._<
P!»—-L v b+ ~<1: 4—§
-t b 4
I
i 1
I L 'Y 1
ITil
: - G EK 5 S BB M M=
3 = T
- 2
] T4 :
L ]
- ]l, N
[+ EEaRE e Srryi -
: T 1 B B 1
7 1 A:[ {1+ }44 : —T‘ : —it
i e au EE U nnn S8 5 e b i S i -
. T 1 I M B I I
¥ i 53 ke oty Ea

TEMBERATURE *C (1™ —ROMEL AL

395




‘g"‘\‘\r\l: [N
a i b s.! hh&‘h\w\&:' s

g,

b PRI
T

R

BB e

- ll"'-l RIS S e - — — .,. .

s
- ey oW . 2

PROCESS DEVELOPMENT

Standard Firing Sequence No. 1 Profile
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Film Characteristics Evaluated

1. Appearance
2. Sheet Resistance (Density)
3. Line Definition

4. Adehsion
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PROCESS DEVELOPMENT

Rating System for Re,'orting Line Definition
oi Fired Films Using the JPL Pattern

A. Excellent B. Acceptable C. Unacceptable
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Firing Study Results for Ink SPC1-YZ

Firing Sequence Sheet
o Surface Line Resist.
Testf#  Ink? Temp ('C) Time (min) Subcotrate*  Appearance Defin. (w2/8q)  Adhesion
1 SPCI-1A 65 % “z°3(d) vhitish silver B 56 axcellent
Age-3.5 hr 200 30 (poor on
R.H.=422 325 20 connecting
bar)
Ad), (1) .
2 SPC1-1C 65 30 cells whitish silver B(A for 40 poor
Age-19 days 200 30 (batch narrow to
R.H.=542 325 30 172-2) lines) fatr
3 SPCI-1A 65 30 cells(‘)'(d) whitish silver A 45 zero
Age-3.5 hr 200 30 (batch
R.H.=42X 325 20 172-2)
6 seci-1A® g5 N £,0,9  uhicieh stlver B 2 poor
Age-3.5 hr 200 30
R.H.»62% 325 20
5 SPCI-1B 65 30 11,04 unicish etlver A 62 zero
Age-16 day 200 30
R.H.=522Z 325 30
6 SPC1-1D 65 30 1&1203 whitish silver B 80 good on
Age-25 day 200 30 narrov
R.H.=54% 325 30 lines,
poor on
connecting
bar
R v
7 SPCI-1D Std. Firing Sequence MZOJ whitish silver B(A for n excellent
Age-25 day () connecting
R.H.=542 [ 2} bar)
8 SPC1-1IE Std. Firing Sequence celll(“ vhitish silver A 58 good to
Age-27 day (batch sxcellent on
R.H.=unknown #l 341-177) narrov lines,
fair to poor
on wide con- .
necting bar
9 SPC1-2A 65 3 cel1s™  chittsh eflver B 87 poor (zero)
Age-2 hr 200 30 (batch
R.H.=50% 325 30 341-177)
10 SPC1-2A Std. Firing Sequence cells“) whitish silver B 54 excellent
Age-2 hr (batch
R.H.=50% 11 341-177)
11 SPC1-2A 2nd layer printed and the celln(” vwhitish silver B 23 poor
Age-2 hr firing sequence of Test {batch to
R.H,=50% 10 repeated 3%1-177) fair
ol
398
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Firing Sequence Sheat
i o Type of Surface Line Resist.
- Test?  Inkd Temp ( C) Time (min) Furnace Substrate® Appearance Defin. (=/8q)  Adhesion
129 spci-2m Std. Eiring sequence I ce115?  uhieish silver ¢ 47 excellent
v Age-8 day (batch
- R.H.=48% 341-177)
3 13 SPC1-28 Std. Firing Sequence #1 cells(i) whitish silver B 56 excellent
e Age-8day (batch
- R.H.=482% 341-177)
r
v 14 SPCI~2A Second layer printed and celln“) whitish silver B 24 excellent
. Age-8 day the firing sequence of test (batch
R.H,.=48% #2 wvas repeated 341-177)
15 SPCI-2B Same as test #3 except b.tgh cells“) whitish silver B 24 excellent
Age-8 day drying step (30 mins at 65 C) (batch
R.H.=482% is skipped after 2nd layer is 341-177)
] printed
* 16 SPC1-2C Std. Firing Sequence #1 ce11s'P ) Ghieian silver B 51 excellent
’ Age-15 day ) (batch
R.H.=54% 341-177)
I
i 17 SPC1-2C Std. Firing Sequence #1 cells 1 unittsh silver B 53 excellent
‘.‘ Age-15 day (batch
2 R.H.=54% 341-1717)
3 ()
. 8 SPCl-2C Second layer yrinted and cells whitish silver B 26 excellent
T Age-15 day the firing sequence of test (batch
R.H.#54% #6 vas repeated 341-177)
19 SPC1-2C Third layer printed and fired. celllu) whitish silver c(') 16 fair
Age-15 day Unfortunacely, firing vas in- (batch to
R.H.=54% sufficient due to mechsnical 341-177) poor
failure).
- 20 SPC1-2E 2 layera printed with only a celll(i) whitish silver B 29 excellent
Age-28 days drying step between layers of . (batch
R.H.=54% 30 mins ac 70°C. Once 2nd layer 341-177)

' was printed the Std. Firing
Sequence #1 was used.

21 SPC1-2E Std, Firing Sequence 1 cel.lnu) whitish silver B 76 excellent
Age=28 days (batch
R.H.=54% 341-177)
22 SPC1-2D Std. Firing Sequence f1 cnlluu) wvhitish silver B 72 excellent
Age-28 dasy (batch (initially)
R.R.=54% 346-193)
' 23 SPC1-2F Std, Firing Sequence #1 cano“) whitish silver B 72.8 axcellent
M Age-53 day (batch
R.H.=60% 346-193)
N |
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Firing Sequence Sheet
Type of Surface Line Resist.
Testd  Inké# Temp (°C) Time (min) Furnace Substracet Appearance Defin, (mR/sq) Adhesion
2% SPC1-2F Std. Firing Sequence #l cells  uhicish silver B 61.4 excellent
Age-53 day (batch
R.H.=60% 346-193)
25 SPC1-2F Std. Firiug Sequence f1 cells(.) vhitish silver |(k) 60.3 excellent
Age-53 day (batch
R.H.=60% 346-193)
26 SPC1-3A Std, Firing Sequence #l cclll“) vhitish silver A/l(n 62.0 excellent o1
Age-6 hr (batch narrow line:
R.H. =582 346-193) poor on con-
necting bar
27 SPC1-3A Std. Piring Sequence f1 cells(.) whitish silver A $7.7 excellent
Age-6 hr (batch
R.H.=58% 346-193) ’
28 SPCI-3A Second layer printed and cellr,“) whitish silver A/B 22.9 poor
Age-8 hr Std. Firing Sequence #1 (becch
R.H.=58% repested 346-193)
29 SPCl-3A Second lare: printed and cell-(“) wvhitish silver A/B 231.% poor
Age-8 hr Std. Piring Sequence #1 (batch
R.H.=58% repeated 346~193)
0 SPC1~-3A Third layer printed and Std. cells“) whitish sflver B 20.0 poor
Age-10 hr Firing Sequence #] repeated (batch
P.H.=58% 346-193)
B)) SPCi-3A Third layer printed and Std. c-lls(‘) wvhitish silver A/B 14.9 poor
Age-10 hr Firing Sequence fl repeated (bazch
R.H.=582 346-193)

'A1203 = AlSiMag 838 substrates

<ells = solar cells supplied by JPL.

(a) calls cleaned in bydrofluoric actd prior to printing by HF cleaniag procedurs.

(b) 2 layers printed.

but no effact on fired film properties was observed.

(d) cells or other substrates printed as-received,

s.qugce = print-dry-fire-print-dry-fire.
(c) the length of time st 65 C was varied from 30 minutes to 120 minutes in increments of 30 minutes

(e) Standard Firing Sequence #! as detailed in section 3.2 is as follows:

Temp. Time

65 30 -~ batch dry
R.T.-263 6.7°/min

263-292 4.6%/min

292 11.3 min

292-245 73/- n belt fire
245-62 18.2°/mtr

62-R.T. 1.17 /main

(f) two layers printed with no heat treatment between printings.
(g) poor line definition was due to mechanical probleas with screen printer which have subsequantly been corract
(h) see Table &.4 for derniled results of Test NO, 22.
(1) cells not cleaned prior to printing.
(3} cells cleanad by methanol cleaning procedure.
(k) lines sharpar but more thready than sbove two.
(1) A/B rating means some cells showed A rating snd others B rating.
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Adhesion vs Time Study With Single-Layer
Fired Films of Ink SPC1

Time since Relative humidity Adhesion
printing & at time of test (estimstad X
firing (days) [(¢1) of cotal sur- Commants
face sres)
0 54 100, 100
1 52 100
2 53.5 100
4 59.5 68,80 For two samples adhesion loss
occurred on connecting bar
enly.

10 60.5 56,65 Nearly complate loss of ad-
hesion on connecting bar.
Adhestion beginning to degrade
slightly on narrow lines.

10 60.5 2 Test done on one of the samples
from day zero which had shown
100X adhesion after first test.

15 57.5 30,65 Adhesion losses occurring both
on connecting bar and narrow lices,

21 55 30,40 Complete adhesion loss on conmec:-
ing bar and significant loss on
narrov lines.

26 3.5 35,45 Same as for day 21 except less
loss on narrov lines.

42 55.5 10,30 Considersble adhesion losses.

. Only emall sections of soms
narrov lines are adhering.
)
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L . 7
A Srie! Adhesion/Time Study with Single layer Fired Films of Tok see) )
l on Substrates Which Hawe Undergone ) Types of Surlace Preparation Prior
to Printing.

A e e ae s em mm - —— ————— .- - -
P Time nlnce Relutive Himidity e
- printing & Cleaning at time of test (estimated T
e firing (days) Method (¢3] of total sur-  Comments
o face urca)
N _- . — e mmem e mama o man -
2! " wa(") (173 1wy
A 0 urte) 607 m
kKl o n\-m(‘” (i} 100
1 e e e e e e
' Nonwe FUTS 1%
1 H¥ 562 HUY
1 MeOH 562 100
. 3 Mone $3.52 100
;i 1 HF $3.52 100
L 3 Mot 53.52 100
K i —_—
- 5 None 54.51 100
£ 5 NE 54.52 100
r'.'_‘ 5 Heon $4.52 o0 902 of cunnccting bar
" lifced. Still excelivne
e adhesion of narrov lines
s A None 58 100
bh nr b1 34 0 Adheslon joxses occurted
.o shout equally to coa-
. necting bar and marrce
lines.
.o 6 Moot 581 100 Adheston restored un
: this MeOH sample. W
apparent visuval differen.
batween this and day }
sample sbuve.
18 Mone 55.5% 1 shortage of sannles
caused the dul.avy beteeen
8 i 55.5% 2 these Jaut two sats - f
18 He Ol 55.5% i tests. Almost ocai
lors of adhenicn occ.rre
Iwetween dav o, b o4 o 8
13
402
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PROCESS DEVELOPMENT

Summary

Bright Ag or Ag/Pt fllms with near theoretical density can be
formed on Si below 300°C provided:

a. the proper MO compounds ore selected (Ag neodecanoate ond
Pt 2-ethylhexanogte work);

b. the proper low boiling solvent Is used in the formulotion
(benzene or tetrohydrofuran work);

Cc. the proper high boiling solvent {s used in the ink (a
mixture of butyl carbitol acetate and neodecanoic acid
WOrks);

d. the MO compounds are suitapoly purlfied;

e. a low temperature drying step Is used (30 minutes at
65°C works; and

f. a proper firing profile is used (a 70 minute cycle with
11 minutes at 292°C works).

2, Excellent adhesion can be achieved with the proper ink chemistry
and processing congitions, but the adhesion begins to degrade

ofter several days.

3, A bindlng agent will be required to achieve reproducible, long
term ocdhesion.

403
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N85-382429
LASER-ASSISTED SOLAR-CELL METALLIZATION PROCESSING
WESTINGHOUSE ELECTRIC CORP.
Subhadra Dutta

Milestone Chart

1963 1984
SIO/M|DJJ F MIAIMIJ]IIA]S

1. Conduct Literature Sezrch On Gurrent State- 4
0f-The Art Laser Metallization Schemes

2. Assemble And Test Each Of The Following
Systems:

2.1 Photolytic metal deposition using a o
focused CW UY laser

2.2 Photolytic metal deposition using a )
mask and UV flood illumination

2.3 Pyrolytic metal deposition using a A
focusad CW laser
3. Fabdricate Fifty Solar Cells

4. Characterize The Calls And Determine The 4
Effects Of vransiant Heat On Solar Cell
Junctions And On Bulk Lifetime

5. Compare Economics Cf Laser Assisted
Processing With Competing Techinologies

Preliminary Report A P4
Final Report a

6. Support Mestings As Qirected y JPL
7. Provide Documentation

i
|
-
N : |-
I

Tasks/Milestones

>3
>

P"RECEDING PAGE BrANK NOT FILMED
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PROCESS DEVELOPMENT

Paotolithographic Pattern Definition

T
Film Deposition

1
Lift-Off Or Etching

Laser-Assisted Metallization Techniques Are Essentially
One-Step Processes:

Laser-Surface Interaction
Resulting In
Localized Film Growth

Potential Advantages of Laser Deposition
Techniques for Photovoitaic Systems

® High Resolution

¢ No Photolithography

e Clean And Contamination - Free
o |n-Situ Sintering

o Low Contact Resistance

406
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PROCESS DEVELOPMENT

Laser-Assisted Deposition Techniques

Pyrolytic Deposition (Thermal)

e Laser Chemical Vapor Deposition (LCVD)

e Laser Deposition From Solutions

Photolytic Deposition (Non-Thermal)

o Laser Photodissociation Of Vapors

o Laser Photodissociation Of Solutions

Laser Assisted Electroplating

,',,‘..
)
. 4,
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PROCESS DEVELOPMENT

Photolytic Deposition

Laser-Induced Photodecomposition of Gas-Phase Organometallic Compounds:

PR

This Technique is Fundamentatly Different from Thermally Based
Laser Processes

¥ o

, A+ Gas-Phase
/ Organometallic
3 ’ Photon e Molec.les

N

P cd = FUNUIPT). JEpFTURIES B

B TR, v e e e

Non-Thermal f
Severing of Substrate

Bonds

Photons A~ ~_A

Photons

Liberated
AN\.T...
Atoms R

\-—'\W..

s 6 SNNNNNNNANNNN

Substrate

RE

Metal Condenses

on Illuminated
Reglons of Substrate
Forming Patterned Film

g _.

Film Substrate
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PROCESS DEVELOPMENT

Experimental Setup f~r Laser-Assisted Elec:roplating

Argon-lon
Laser
Lens
Focused Spot Size =3 um
N\ \
X -Mirror X)) y-Mirror
\

Copper

Plating Solution

S. Dutta
Lt.-mz 3-9-84

409

Siticon Substrate ( Cathode)
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Laser Power Dependence of Electroplated Spot Size

180 T T
* 160 -
‘ 140 |- -
€
: 2
: 810 -
(7]
2
2 100 |- -
x
Q.
Plating Current =1 mA
. 60 - Dwell Time =5 sec =
4
.
‘e 4 1 ]
. 3 4 5 6
Laser Power ( watts)

[P S A R

e .
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PROCESS DEVELOPMENT

Nomarski Micrograph (200X) of Copper Line
Deposited by Laser-Assisted Electroplating Resuits

25um
Linewidth = 25um Line Thickness =6000 A
Laser Power =4 W PlatingCurrent =2 mA

Laser Dwell Time = 50 usec

411
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Summary of Laser-Assisted
Electroplating Results

e Novel Technique For Greatly Enhancing Local Plating
Rates - Yield Fine-Line, Directly-Written Patterns With
Excellent Adhesion

e Multiple Rapid Laser Scans Yield Finer, More Even Line
And Higher Local Plating Rate Than Single Slow Scan
(Same Total Exposure Time)

o Plated Linewidth Depends On Laser Power, Plating
Current, And Electrolyte Level

Laser Pyrolysis of Spun-on Metallo-Organic Film

O L7 1 L)

I SR

Art
Laser Beam

Scanning
Mirrars

Lens

Deposited Silver

Spun-0On Silver
Neodecanoate Film

Siticon Substrate

Sampie Base Temperature 75°C
Focussed Laser Spot Decomposes Spun-On Film

Silver Metallizatior; Patterns are Formed by Direct-Writing

412
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Line Width vs Laser Power and Substrate Temperature

T T T T l
o Room Temperature o l
A 50°C & } Did Not Adhere
0 -
v 75°C v A
[ 4
Al ' :
]
[~
3
A
v
10 - — ,
oo A ] | ’
0 6 8 10 12 14 f
. ’ Laser Power (watts )
4
]
i
i
I i
. |
o :
Yer i
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Nomarski Micrcgraphs (200X) of Silver Lines Decomposed
atlaj4 W, (b) 8W, (c) 14 W Before & After Tape Test
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ORIGIN
UALITY . ; . .
OF POOR Q Deposited Line Widths as a Function
of Scan Speed and Laser Power
130 T T T T | T T I
120} e0.2¢mis  Open Symbols Denote Oxidation o
1ol A2cm /s Dotted Symbols Denote Alloy Formation J)
-E; 100f ¥ 20cm/s i : . /]
é %0} @ ' R
E o gt ]
= o
3 70 A v o
2 ol * 3 ]
; [ ] A
§ oo - ]
[ ] A
40 A
30 v o
20 A Al
10— v i
| | | | | ] | |
2 4 6 8 10 I 16

Laser Power ( Waits)

Laser-Written Solar-Cell Metallization Patterns
Using Spun-on Silver Neodecanoate
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PROCESS DEVELOPMENT

Laser Metallization Process

1. Make Solution Of Silver Neodecanoate (Obtained From
G.M. And R.W. Vest) In Xylene

2. Spin Onto Diffused, Coated Silicon Wafers
At 1000 rpm

3. Decompose Film Locally With Argon-ion Laser To
Form Comb Metailization Patterns

- Laser Power = 8W

- Spot Size = 50 um

Scan Speed = 20 cm/s

Scan Overlap (Contact Pads) = 60%3
Deposited Silver Thickness = 400 A

4. Electroplate Selectvely Onto Patterns
- Plated Silver Thickness = 8 um

5. Define Mesas To Isclate Cells And Characterize Cells

416 -




PROCESS DEVELOPMENT

Lighted |-V Data for Unsintered Laser-Metallized Cells

Short-Circuit

Current

Cell 1.D. Jge (mA)
Laser 1-2 23.1
Laser 1-3 228
Laser 1-6 23.7
Laser 1-7 237
laser 1-8 237
Laser 1-9 242
Laser 1-10 0.2
Laser 1-11 238
Laser 1-12 242
Laser 1-14 24.6
Laser 1-15 .5
laser 5-7 4.3
Laser 5-10 4.7
Laser 5-11 4.7
laser 5-14 24.6
Laser 5-15 25.1

Open-Circuit
Voltage Fill Efficiency
Voc (V) Factor (%)
0.557 0.761 9.8
0.558 0.755 9.6
0.557 0.776 10.3
0.556 0.770 10.1
0.559 0.764 10.1
0.560 0.764 10.3
0.558 0.772 10.4
0.553 0.774 10.2
0.558 0.773 10.4
0.558 0.769 10.5
0.562 0.755 10.4
0.562 0.734 100
0.562 0.650 9.0
0.566 0.751 10.5
0.567 0.762 0.6
0.570 0.776 11.1
417
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PROCESS DEVELOPMENT

Lighted |-V Data for Unsintered Baseline Cells

2 Short-Circuit Open-Circuit
v Current Voitage Fill Efficiency
' Cell 1.D. Jgc (mA) Voe (V) Factor (%)
" RSC 12 234 0.573 0.772 104
; j RSC 1-3 23.2 0.562 0.681 8.9
: RSC 1.5 234 0.571 9.762 11.0
- RSC 1-6 25.0 0.569 0.746 10.6
: RSC 1-7 25.0 0.567 0.718 10.2
! RSC 1-8 4.6 0.571 0.734 10.3
. RSC 1-9 2.5 0.568 0.751 10.0
RSC 1-10 25.4 0.569 0.768 111
- RSC 1-11 25.6 0.568 0.734 16.7
~ RSC 1-12 25.9 0.567 0.710 105
RSC 1-14 2. 0.571 0.716 10.6
= RSC 1-15 25.9 0.567 0.608 8.9
. RSC 22 258 0.569 0.764 11.2
RSC 2-3 2.1 0.567 0.746 1.1
3 RSC 2-5 26.3 0.569 0.719 10.8
& RSC 2-6 25.9 0.566 0.759 11.1
RSC 2-7 25.8 0.566 0.753 110
RSC 28 25.6 0.567 0.735 107
o RSC 29 25.6 0.566 0.722 10.5
f RSC 2-10 25.9 0.566 0.749 ‘110
RSC 2-14 2.1 0.567 0.702 104
RSC 2-15 26.0 0.567 0.636 9.4

Comparison of Laser-Metallized and Baseline

Cells Lighted |-V Data

Short-Circuit  Open-Circuit

Current ngc Voltage Voc Fill Non-AR-Coated
)

Cell 1.D. (mA/cm (v) Factor Cell Efficiency (%)
Laser 1-14 24.6 0.558 0.769 10.5
Baseline2-9  25.6 0.566 0.722 10.5
Laser 5-11 €7 0.566 0.751 10.5
Baseline1-12  25.9 0.567 0.710 10.5
Laser 5-14 24.6 0.567 0.762 10.6
; Baseline 1-6  25.0 0.569 0.745 10.6
£ Laser 5-15 25.1 0.570 0.776 111
Paseline2-3  26.1 0.567 0.746 1.1
418
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PROCESS DEVELOPMENT

Lighted I-V Characteristics of Laser-Metallized Solar Cell

o N R Y
1 |1
1 ]

Current ( Milliamps)
~ o
] T
1 1

O W o ©
'
1

Dark |-V Data for Baseline Cells

Normalized  Normalized :
Series Shunt ' ;

Resistance  Resistance Jo1 Jo2  Efficiency i
Cell 1.D. (n<md)  (Knemd)  (Memd)  (Memd) (%) oL
RSC 1-3 BeforsSintering 1.3 08  51x10712 24x105 83 :
After Sintering c.9 69  43x10712 3gx306 101 | -
l o
RSC1-9 BeforeSintering 1.0 49 42=10712 33x105 100 : =
After Sintering 0.8 1137 44x10712 13%107 109 L
W,
RSC 1-10 Before Sintering 1.0 >108  45x=10"12 17x107 111 '{
A'ter Sintoring 0s 7699  49x106712 Lix10% 109 ‘
RSC 1-1SBeforeSintering 2.2 24 40=10"12 47x10% 89 '
After Siatering 08 58 4310712 3sx106 g9 :
R2SC 2-2 BeforeSintering 1.0 >103 42x10012 g7x10% 112
Aftor Sintoriag 0.7 »103 42x10712 31x1200 113
RSC 2-3 BeforeSintering . 1.1 04 S0x1012 39x105 111
After Sintoring 0.8 13 43x10712 11x10% 1
RSC 2-12BeforeSintering 1.5 >108  43«10"12 1gx108 74
After Siatoring 1.0 776 34x10712 2410 70
RSC 2-15BeforeSiatering 1.8 51 41x10712 9ax10% 84
After Sintering 13 5100  33=107102 49+100 93 |
|
t ‘
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PROCESS DEVELOPMENT

Conclusions

e High Quality Solar Cells Obtained By Laser
Metallization Technigue

- Non-AR-Coated Cell Efficiency = 11.1%

® In-Situ Sin.oring Occurs During Laser Writing Process
- Seiins i nsistance Of Laser-Metallized Cells
LGwer
v Finer Lines Should Yield Higher Efficiencies
- Laser-Written Linewidths = 50 um
- Baseline Linewidths = 25 um

- Compaiable Efficiencies Despite Greater Cell
Shadowing In Laser-Metallized Cells

420
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A NON-NOBLE FRONT METALLIZATION PROCESS
SPECTROLAB, INC.

Alexander Garcia lll

Objectives

o Oprimization, EvaLuarion AND DEMONSTRATION OF A
NoveL METALLIZATION SYSTEM

o Mo/SN/TIH SvsTem

o ITO Conpuctive AR SysTems

Approach
¢ Screen PrinTINnG
o AR FiriNG
» RepucinNG ATMOSPHERE

o Conpuctive AR Coatine (1T0)

,,.”—-—-—- o ‘ I e
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PROCESS DEVELOPMENT ORIGINAL PAQE’''S
OF POOR QUALITY
Front Metallization Pattern
' Symm About
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i
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! Typ Spacing
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! lines
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Standard Ag Cell
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PROCESS DEVELOPMENT
Problems With Hydrogen Reduction
o Poor ApnEsION
o FriT Does Nov AppreciaBLY Work
o Si-Powper Bonp A PRoBLEM

o SOLDERING A PROBLEM

Paste Additives Investigated

o InDIumM
o Leap

o CapMium
o  ANTIMONY
o Zinc

New Pastes Investigated
o Mo0z Paste
o  Borane-PyriDINE
o A6 NeODECANATE
¢ Ac ResINATE

o IN ResiNaTE
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OBJECTIVE

PROCESS DEVELOPMENT

New Analytical Technique

o ConTROLLED ATMOSPHERE SEM

o Vibeo Tare PicTure As SamMpLe s BeinG HeaTep

o Various Gases AVAILABLE 8 5 ToRrr

Controlled-Atmosphere SEM

CONDENSER
LENSE =7

BEAM

LENSE

c

ELECTROW

SCANNING

oIiLS

VIDEO
TAPE

GAS L DIFFERENTIAL
p_— L = PUMPED
|———KEATER CHAMBER
LEA
V‘LVE /\
‘ AUX L TC " TC
DIFF
PUMP
B I I - I1ISOLATION
PLATE
MASS ] S CAPACITANCE
SPECTROMETER ru:s:u:t
— I
MECHANICAL
VACUUM
UMD
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ITO Shunted Cell
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Two-Step Procsess

1)

2)

3)

4

5)

o Mo/SN MUST BE PRINTED FIRST

PrinT Mo/SN

Pre-FIRE

PrINT AG PAsTE

FIre Sivver

Fire Mo/Sn

Results

PROCESS DEVELOPMENT

o VArIous ADDITIVES UNSUCCESSFUL ON IMPROVING ADHESIVE

o SEM ResuLts Svow TiN Does Not Wer SysTem AT Low TEMPERATURE

¢ Two-STEF ~ruZESS MOST SUCCESSFUL

Conclusions

o Mo/SN Has ApeauaTe CONDUCTIVITY FOR SCREEN PRINTING

o SHUNTING 1S NEVER A PROBLEM

o SOLDERABILITY A MaJOR PROBLEM

o More Worx NEEDED ON WETTING PHENOMENA

o CeLLurosic VeWwicLE Best

o Two-Step Process MosT SuCCESSFuL
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85-32431

MICROWAVE-ENHANCED THIN-FIiLM DEPOSITION

SUPERWAVE TECHNOLOGY INC.
S. Chitre

® OBJECTIVE

deposition of semiconducting and insulating thin films at
low t~mperature using microwave technology.

® BACKGROUND

1. Microwave plasma resear h began early 60°'s.

2. Microwave excitation:

a. used to promote variety of chemical reactions

b. offers more dense and longer lived active spec:.u (leads to
separation of depnsition chamber from discharge zone,
eliminating harmful influences on samplar- Jue to direct
exposure to plasma)

c. Offers good uniformity & reproducibility (substrates kept
at low temps.)

d. endpoint detect.on & plasma diagnostics done with ease &
accuracy

e APPROACH

1. Method of plasma formation

2. System consideration

a.
b.
c.
a.
e.

£.

g.

selecting a power source

design of the microwave plasma cavity
microwave circuitry

impedance matching

plasma diagnostics

deposition chamber

vacuum system

PRECEDING PAGE BLANK NOT FILMED
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Ceoling
Air and
Viewing

Microwave Plasma Cavity and Associated Circuitry

w—=_Tube

o

Adjustable
Shorts

3\

Rectangular
Cavity

F‘ Discharge

Impedance

Circulator
20dB Isolation

Matching Directional
~srcuit Coupler
|
|-

]_._

Datectors ‘—'@_
4
—i ‘

/

Structure of Magretron

Reflectrometer

ouTrPuTY

MAGNETIC CIRCUIT ﬁ ﬁ
1

Principle of Magnetron Oscillation

VANE
~,
ANOD( .

CATMODE

Macched
Load

Power

Supply
Beam Voltagd

4 KV

Beanm CutrenJ
300 mA

Magnetron
Oscillator
(245CMH2)

iz 3 J

/

d
FILTER
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Construction ot Microwave Plasma Cavity

INPUT WAVEGUIDE HIGH ©
—_— CAVITY
el
MICRONAVE /
CHOXE \\ PLASMA TUBE
T SRR D

PLASMA REGION-"]

MICROWAVE PLASMA
CAVITY -

/

/

——1

ADJUSTABLE SHORT

T

Throttle Sieve
Valve Trap

ADJUSTABLE SHORT

INPUT FLANGE

MICRCAAVE CHOKE

HIGH Q

" CAVITY

7
7
7

X

7

o] 3K | 0

—17

I ~—t— PLASMA REGION

f

Elements of Microwave Deposition System

Substrate
Holder
Table

N

8

Needle
valve

N

L

Air Inlet
Valve

[

Mechanical
Pump

|

MW Cavity

Guage

@_
Needle

Valve

Convection _—
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Flow Meters Regulator
on/0ff Valve
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Purge
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N85-32432
PULSED EXCIMER LASER PROCESSING
FOR COST-EFFECTIVE SOLAR CELLS
ARCO SOLAR, INC.
D. Wong
CONTRACT TiTLE: AOAPT PULSED EXCIMER LASER PROCESSING
For CosT EFFECTIVE SOLAR CELL>
CONTRACT NQ: 956831
GOAL: To DEMONSTRATE THE COST EFFECTIVE FEASIBILITY OF FABRICATING 16%
EFFICIENT SOLAR CELLS ON 125 MM DIAMETER CZ WAFER USING PULSED
EXCIMER LASER FOR JUNCTION FORMATION, SURFACE PASSIVATION, AND
FRONT METALLIZATION.
1 -
. Texturing
8.4 J/cMe (70X OVERLAP) SUFFICIENT TO MELT THE SURFACE. ’
- CELLS WERE SHUNTEDL. 650°C. 3@ MIN, FURNACE ANNEALING MOST OFTEN ;
N IMPROVED THE Vgc. e
A <X > -6.5%  BEFORE 650°C
- <7’) -11% AFTER 65@°C ‘
H |
! EXCESSIVE SURFACE MELTING 1S BELIEVED TO LIMIT CELL EFFICIENCY. ‘
? RN
)

PRFCEDING PAGE BLANK NOT FILMED
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38 SCURCE LAMP: ELC 1V TESTER: 02
£
L 2% L-:;_
L h\\\\
[
(1]
G 2 \
[
E
o
T 14
>
E
5
17
T
Y
®
0.2 J.3 0.4 0.5 U6
CELL VOLTAGE
RUN S 8, ENERGY/= 9.4J/CH2, OVERLAP 38X
SINTERED
g5 SOURCE Lamp: ELC 1V TESTER: 02
£
{ 28
L
g
32
R
E
N
T 14
[
€
:
17
T
Y
(] —
. “, [ ] [] .‘
CELL VOLTAGE
RUN S :nncv -o .m:nz OVERLAP SOX
ANNEAL msn 30 NIN.
NO 8!
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SINGLE/POLY
LICHT lU AT 25C
OPERATOR: DM
CELL: LSD- CONTROLS1
Date/tine:09-JUL-84 10:33:97

AREA: 4.08 (sa.cm)

i1sc: 0.112 (enps)
Jse: 28.00 (ma/sq)
Vor:: 0.427 (volts)

Ipn: 0.093 (amps)
Jon: 23,24 (na/sq)
Upn: 0,385 (volts)

Pn: 0.028 (vatts)
Cfe: 99.21 X
Eff: 7.09 %

SINGLE/POLY
LICHT IV AT 25C [
OPERATOR: DN
CELL:LSD ANNEALED 3
Date/tine:27-JUN-8¢ 09:58:28

AREA: 4.00 (3g.cm)

Isc: 0.114 (amps)
Jsc: 28.34 (me/sQ) ‘i
Voc: 0.363 (volts)

fen: 0.100 Canps)
Jon: 235.09 (ma/sa)
Upn: 9.442 (volts)

: 0,044 (vatts)
C#f: 69.10 X

s 11.40 X
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Threshold Energy Density for Textured
Surface to Start Melting
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Surface Melting on Textured Surface Due to
Laser Annealing at Different Laser Energy
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| STARTING |

I P TYPE CZI
| !

| STARTING |

| MATERIAL |,

i il 1 e e e =+ b = e

PROCESS DEVELOPMENT

Comparison of Baseline Process With
Proposed Excimer Laser Process

BASELINE_PROCESS
TEXTURING
}
] | PHOSPHORUS | | SCREEN PRINT |
D MATERIAL |, | THERMAL | lusmuzmoul___)l-lsx
| oIFFusion | | AND FIRING |
| | | i
LASER PROCESS
TEXTURIiIG
|
! ! ION IMPLANT |
| | AND LASER ANNEAL | | LASER ASSISTED |
! => IDEAL JUNCTION |_____, |  SURFACE |
] EXCELLENT BLUE | GAIN 1X |  PASSIVATION | GAIN 1X
! RESPONSE | | [
I !
| LASER WRITING |
| FINE GRIDLINESI
=> INCREASE
—_— ACTIVE AREA

| )
! s 7 les
| REDUCE I2R | GAIN 1%

I DROP !

I I
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PROCESS DEVELOPMENT
Experimental
| P SUBSTRATE |
| 9.3 - 9.7 orM-cM |
| 1
SURFACE PREPARATION | TEXTURING | | POLISHING |
| | |
| |
! !
DOPANT SOURCE | SPIN-ON SOURCE | 1 10N IMPLANT |

| | ! 1

\/;

| LASER ANNEAL |
1

| METALLIZATION |
| BY s\'APORATIONl 82% active area

| | TEST | (JPL STANDARD)
1 ! |
]
|
]%
j Polished Wafer (p-Type Cz) lon Implant 31p+
[
1 | BeaM SIZE | OVERLAP | PULSE |IMPLANT | DosaGE | R0 | 7
g (J/cM2) | (MM x M) | () 1 (NS) | (KEV) 1(1x1815) | (omw'sa) | X
i | I 1 ! | I apPrOX |
! ! ! ! 1 | ! |
87 11.1x@81 4 | 6 |t 1B | 5 P31 1713
i I | | ! I | |
‘ 8.7 11.1x@88% & 1 6 | W 1 1 N I Y %
! [ | I | ! !
1.3 18.9%5x8.91 7 25 | 5 | 25 | 5 1711
I I ! ! ] I I
: 13 18.75x0.61 28 1 25 1 5 | 1 I 18 189
I | | ! ! ! I
1.3 1986x751 28 | 8 1 5 | 25 1 58 184
! ! | ! | | |
g 145 196x831 12 | 9% 1 5 i 1 198 - 108 | 9.3
. | } | | | | |
| 156 189x7.51 12 1 % 1 5 | 1 198 -108193
: ! | ! ! | | ]
i 28 175x651 12 |1 %W 1 5 | 1 I 98- 1088 | 9.4
| | ! ! ! I |
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PROCESS DEVELOPMENT

oglc:lgg; gﬁﬁfn',i Laser Energy Density
0

LASER ENERGY DENSITY FROM 1.45 J/cM@ TO 2 J/CME YIELDED SIMILAR RESULTS IN
CELL EFFICIENCY FROM THE SAME IMPLANT. HOWEVER., SURFACE OAMAGE STARTED TO
BE OBSERVED AT 2 J/CM2,

Overlap, %

NECESSARY FOR COMPENSATING BEAM NONUNIFORMITY, HOWEVER, FOR HIGHLY
NONUNIFORM BEAM, OVERLAP WOULD PRODUCE SEVERE SURFACE DAMAGES,

MORE UNIFORM LASER WITH LARGER BEAM S12E REDUCES OVERLAP REQUIREMENT —>
HIGHER CELL EFFICIENCY,

Kaleidoscope Beam Profile (MSNW Inc.)

lr ‘o 'A\’ 224004, i l
R} m.’.’tl, s ] '

-
"l l'l - 4A\v I:\"'II'I‘II"I

! I'-'n'm'illllll

RELATIVE s

INTENSITY %

-

i

s\ 3

“‘e\}\)ﬁr}j /’ I Ill ‘ \\}\\\‘
\Q“‘!‘f"-{fﬁ'4L:;i?3'2\4511 l’ny‘) \\nt\\\ l‘l’

TN P un,’c. }} 4‘\,,0 Mz '"h
il

443

—_— e IR T



i

. -
IR SN DL, I S

RS 1

MERRICURT) F JENUEE RN LA AL TE S AN

PROCESS DEVELOPMENT

Profile of Excimer Output Beam (MSNW Inc.)

RELATIVE
INTENSITY

lon Implant

5 KeV 31P* CHANNELED TO ABOUT 8,16 - 8.22 LM WHICH REQUIRES LASER ENERGY
AT LEAST 1,6 J/cM - 1,8 J/CMZ TO REMOVE LATTICE DAMASES COMPLETELY,

Indiract Proof

CZ WAFER WITH THERMAL N+ DEPOSITION (838°C 10 MIN) FOLLOWED BY LASER
ASSISTED DIFFUSION AT 1,25 J/cM2 (12% O.L.) YIELDED ALMOST IDENTICAL IN
ELECTRICAL PERFORMANCE AS THE THERMALLY DIFFUSED CELL (218%),
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PROCESS DEVELOPMENT

Sepen peoitle for '12° tra taplented
49 BeY. 2.1329"" stens pos e

\!\A/'

[ ] 0.08 0.108 0.2¢ 0.22
DEPTH (mrarene)

0.40

sins ‘D;pth Profile for 31P* Ion Implanted at $ kev, 2.3

s 10 Atom per cmé.
ohas~ca Bocon Doped.
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PROCESS DEVELOPMENT

(1

(i

1D

(n

ain

Summary on Junction Formation

1DEAL JUNCTIOM REQUIRES

SHALLOW 10N IMPLANT TO MIKIMIZE LASER ENERGY DENSI1Y FOR COMPLETE
LATTICE DAMAGE REMOVAL,

UNIFORM LASER BEAM THAT REQUIRES LESS THAN 5X QVIRLAP,

Plans for Next Quarter

|MPROVE LASER UNIFORMITY

INVESTIGATE THE CAPABILITY OF 1 KEV ION IMPLANTATION BY 6LOW
DISCHARGE TECHNIQUE.

COMPLETE GAS CELL SYSTEM AND INITIATE EXPERIMENT ON LASER ASSISTED
SURFACE PASSIVATION AND GPRIDLINE WRITING.
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EXCIMER LASER ANNEALING FOR FABRICATION
d OF LOW-COST SOLAR CELLS

i SPIRE CORP.

A.C. Greenwald
3
k Program Goal

TO DETERMINE IF PULSED EXCIMER LASER ANNEALING (PELA)
IS COST EFFECTIVE COMPARED TO BASELINE PROCESS.

! L 5_SELINE PROCESS LASER PROCESS
| |
3 CLEAN LEAN

; DRY DRY

DIFFUSE JUNCTION )

i I ION IMPLANT
a ALUMINUM BSF l LASER ANNEAL

VU g - Y
B L

CLEAN i
b
PRIN'T Ag BACK PRINT Ag BACK :
!
FRINT Ag FRONT PRINT Ag FRONT
|
LASER CUT LASER CUT
H
TEST AND SORT TEST AND SORT ",‘

o
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PROCESS DEVELOPMENT

Objectives
. @ BUILD AN EXCIMER LASER PULSED
ANNEAL APPARATUS

T @ DEVELOP ANNEAL PROCESSING FOR
‘ HIGH EFFICIENCY CELLS

@ FABRICATE 300 SOLAR CELLS
@ PERFORM ECONOMIC ANALYSIS

Fluence Measured Across Beam Width (at Lens)

' aof

'g

z !

g

§ 20 4

z

&
/ Ol

. . N

0.5 1.0 .5
DISTANCE (cm)
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PROCESS DEVELOPMENT

Fluence Measured Across Beam Length (at Lens)

R T
?

ENERGY/UNIT LENGTH (J/m)

0 1.0 2.0 30 -
DISTANCE (cm)

Scanning Patitern for Annealing a 100 cm2 Wafer
(Total Transit Time at 10 cm/s Is 5.5 Seconds)

' (.23 sec)
b >
A vi-i
1l v 1 v
’§ 10 em
- {y DIRECTION)
2.5 mm
|- {
1 mm ﬁ
30 mm
| ot 1y
- >

I0em /x DIRZICTION)
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Implantation Parameters

FRONT FRONT BACK
(TEXTURED) (POLISHED) (EITHER)
ION P* p* B*
ENERGY 10 keV 10 keV 25 keV

DOSE  4.3x10'%cm™2  25x10'5cm™2  5x10'5¢m—2

450
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PROCESS DEVELOPMENT
OF POUR GUALIT

Pulsed Excimer Laser Annealing Polished Surfaces

FURNACE
ANNEAL
: 183 aa 1
e < O ?;-rm*'" 574,
MR ..,:‘
PELA ’
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PROCESS DEVELOPMENT

Sheet Resistance Uniformity of PELA Sample 4520-1b

RESISTIVITY (ochm~cm)

o
W

o
[

o

NOT ANNEALED

—| le— STEP SIZE

i 0.5 mm
b o—
{k
START FINISH
A
MEASUREMENT
STEP SIZE
- -{|*—0.1 mm
AMDNAAMAN MM LML LD 40 1o s PN MDA
[ —r 1. L 1 ;
(o} 3 6 9 12 15 18

DISTANCE (mm)
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PROCESS DEVELOPMENT

PELA Junction Depth Profile, Sample 4520-16

loZI
[ 1)
°
1020} °
®
[
2 ion: 31p*
5 Tolid & . DOSE: 2.5 x 10'%/cm?
~z‘3 ENERGY: 10 keV
o A: 248 m
= °
c FLUENCE: 2.0 J/cm?2
o®}
&
[&]
4
o
Q
&
T 107} °
<
(8]
!
10's |- AAAAAAA‘AA“A““A‘AAA‘A‘A‘A ! ,
'
{
10'% 1 1 1 L 1 . E :
0 0.1 0.2 0.3 0.4 05 06 b
DEPTH (micros) ‘ .
s
LN
i
i
|
\
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PROCESS DEVELOPMENT

o Efficiency vs Laser Fluence: Polished

. Wafers, No AR Coating

7 FLUENCE  NO.OF

! LOT (%) (J/cme) PULSES

. I 8.9 1.2 1-2

s 8.4 1.8 1

' A=248nm 89 1.9 2-3

9.1 20 1-2
9.1 FURNACE CONTROL

o 7.3 0.8 1

- ] 8.1 1.0 4

% 9.7 1.4 1

: A=308 nm 10.5 1.8 1

& 10.2 1.8 2-3

R 7.5 FURNACE CONTROL (?)

- { |
'
(L
|

i
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E'NS

OF POOR QUALITY
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ORIGINAL PAQE’
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PROCESS DEVELOPMENT

Efficiency vs Laser Fluence: Texture-Etched

Wafers, No AR Coating

n FLUENCE NO. OF
LOT (%) (J/CM2) PULSES
| 10.8 1.2 1-2
10.5 1.8 1
A =248 nm 8.2 1.8 2
9.2 20 1-2
12.9 FURNACE CONTROL
9.1 0.8 h|
] 8.7 0.8 2
9.1 0.8 4
A=308 nm 118 1.0 4
i2.4 1.4 2
8.8 1.8 2
8.1 FURNACE CONTROL €))

Best Cell to Date

IMPLANT: 31p* 2.5 x 105 ions/cm2 10 keV
ANNEAL: XeCl LASER, 1.8 J/cm2 1 pulse

minimum overlap

v°c = J78 mV

Jsc =23.0 mA/cm?2

FF =78.6%
EFF = 10.5%

WITH AN AR COATING, EFFICIENCY WOULD

BE ABOUT 15%

N -—

‘4
. ,:J/A

Sy
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EXTERNAL QUANTUM EFFICIENCY

1.0

08

0.6

0.4

0.2

CURRENT DENSITY (A/cm2)

W
—a ——

1o°

Voc ~ 578 mv

Jec = 23.0 mA/cm2
FF =78.8%

Eft = 10.5%

T=28C
NO AR COATING

lgc=Voc

-v

N I |

PROCESS DEVELOPMENT

i

- . L A L,
ol 02 03 04
VOLTS

03 06 07

CELL 4520-98
NO AR COATING

'l b L .y

A 1

R e ——

400 €00

800

WAVELENGTH (nm)
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PROCESS DEVELOPMENT

Can the Laser Deliver Enough Power
to Rapidly Anneal a Large Wafer?

THE 50 WATT LASER ANNEALED A 4" ROUND
POLISHED WAFER, A 4° ROUND TEXTURED WAFER,
AND A 10 cm x 10 cm SILSO WAFER, EACH IN
UNDER 10 SEC.

Laser Parameters

GAS Kr. F2, and Ne
WAVELENGTH 248 nm
POWER 50 watts
REP.RATE 160 Hz
PULSE WIDTH 20 nanaseconds

Anneal Parameters

FLUENCE ~1.4 J/cm2 at sample
SPOT SIZE ~0.7 mm x 25 mm
TABLE SPEED 10 cm/sec.

Summary of Process Variables

© LASER POV/ER OF 2J/cm2 IS REQUIRED FO 0
WAFERS, LE7S FOR TEXTURED WAFERS.

©® WAVELENGTH (KrF v . XeCl) IS NOT iMPORT.-

© BEAM UNIFORMITY MUST BE BETTER THAN 8%
BUT NOT NEE.! NOT B8E BETTER THAN 2%.

@ DUST IS NOT TOO IMPORTANT.

@ UNANNEALED AREAS REDUCE Jsc BUT DO NOT
SHUNT JUNCTION.

@ OVERLAP IS IMPORTANT FOR TEXTURED WAFERS.

458
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PROCESS DEVELOPMENT
Program Schedule
1987 19858
TASK M J J A S 0 N F (M
TASK 1

A- SELECT PROCESS

B- ASSESS SENSITIVITY
TO VARIABLES

@ SET-UP ANNEALER
3 ANNE 1L 31p* IMPLANT
® TEXTURE-ETCH SURFACE
@ BSF PARAMETERS
@ SCREEN PRINTING

C- DEMONSTRATE LASER
POWER

D- DEMONSTRATE PRCDUCT
@ WAFER PREP
@ IMPLANT & PELA
@ FABRICATION & TEST

2l 1

Summary

©® AN EXCIMER LASER ANNEALER HAS BEEN
BUILT AND TESTED.

@ SOLAR CELL EFFICIENCY, WITHOUT AR,
OF UP TO 10.5% HAS BEEN ACHIEVED
{~ 15% WITH AR).

@ REQUIRED THRCUGHPUT FOR ECONOMICAL
OPERATION APPEARS FEASIBLE AT THIS TIMC.

RPN I ~ ettt = S = =
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N85-32434
ENCAPSULATION PROCESSING AND
MANUFACTURING YIELD ANALYSIS

SPRINGBORN LABORATORIES, INC. J
P. Willis

) ADD - ON ACTIVITY TO BASELINE
CONTRACT ON DEVFLOPMENT OF
ADVANCED ENCAPSULATION MATERIALS

(PHASE I11)
) NOT YET FUNDED

GOALS:

) UNDERSTAND THE RELATIONSHIPS BETWEEN:

o FORMULATION VARIABLES ’ ’
o PROCESS VARIABLES |

) DEFINE CONDITIONS REQUIRED FOR OPTIMUM
PERFORMANCE

) RELATE TO MODULE RELIABILITY
) PREDICT MANUFACTURING YIELD

) PROVIDE DOCUMENTATION TO INDUSTRY
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4 PROCESS DEVELOPMENT

Material Variables

LAMINATION POTTANTS
. ) ETHYLENE/VINYL ACETATE (EVA)
& ) ETHYLENE/METHYL ACRYLATE (EMA)
CASTING POTTANTS
) ALIPHATIC POLYURETHANE (PU)

towl

ADHESIVES/PRIMERS
’ THREE BASIC PRIMER SYSTENS

COVER FILMS
) TEDLAR, ACYRLICS, FEP

FORMULATICN VARIABLES:
TYPE AND AMOUNT OF:

CURING AGENTS (PEROXIDES)
ANTI1O0XIDANTS

ULTRAVIOLET SCREENERS
ULTRAVIOLET STABILIZERS (HALS)
SELF PRIMING AGENTS

w JuRraet

Jondl s _TILAEP.,

STORAGE CONDITIONS:

) TIME, TEMPERATURE, HUMIDITY, LIGHY
AIR EXPOSURE

QUALITY CONTROL:
) DETERMINE ANLYTICAL METHODS TO VERIFY

COMPOSITION
) PUBLISH QC SPECIFICATIONS FOR MATERIAL
CERTIFICATION
1 462
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PROCESS DEVELQPMENT

Process Variables

(VACUUM BAG LAMINATION )

AMBIENT CONDITIONS:
TEMPERATURE
HUMIDITY
BAROMETRIC PRESSURE

VACUUM PRESSURE (INITIAL) AND TIME
OF EVACUATION

TEMPERATURE - - RATE OF RISE
TEMPERATURE - - ULTIMATE

DWELL TIME, AT TEMPERATURE
RATE OF COOLING

TIME/TEMPERATURE/PRESSURE INTER-
RELATIONSHIP

(CASTING LIQUID SYSTEMS)
ABOVE VARIABLES, PLUS:

2 COMPONENT MIX TIME
DEGASSING PRESSURE
PUMP AND FILL TIMES
MIX UNIFORMITY

GEL TIME

463
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PROCESS DEVELOPMENT

Quality and Performance Criteria

j
] METHOD: o  PREPARE TEST MODULES AND/OR OTHER TEST
] SPECIMENS WITH CHANGE IN SIGNIFICANT
h VARIABLE (S)
B o  DETERMINE THE EFFECT
COMPONENT CONDITION TEST
; POTTANT ADEQUATE CURE PERCENT GEL
! THERMAL CREEP
TRAPPED BUBBLES VISUAL
_ DISCOLORATION VISUAL
CELLS BREAKAGE VISUAL, RESISTANCE
] INTERCONNECT RESISTANCE
| REGISTRATION VISUAL
; COVER FILMS TEARS/PUNCTURES VISUAL
WARPING/SHRINKAGE VISUAL
GLASS (SUPERSTRATE) ~ FRACTURE VISUAL
ADHESION BOND STRENGTH PEEL TEST ;
ENDURANCE WATER SOAK (50°C) y
, NEED TO DECIDE ON:
" o STANDARD TEST SPECIMEN(S) .
] o STANDARD TEST PROTOCOL R
o UNIFORM DATA SETS o
; ' *,"\(
{



PROCESS DEVELOPMENT

Data Analysis

STATISTICAL ANALYSIS COMPLICATED BY LACK OF
UNIFORMITY IN DATA TYPE

TWO TYPES OF DATA:

DISCRETE (PASS/FAIL) CONT INVOUS

CELL FRACTURE GEL CONTENT
INTERCONNECT BREAKAGE PEEL STRENGTH
TRAPPED BUBBLES STABILIZER LOSS
THERMAL CREEP

GLASS FRACTURE

FOR CuNTINUOUS DATA TYPES:

THO LEVEL FACTORIAL EXPERIMENTS

(MOST INFORMATION, FEWEST EXPERIMENTS )

0. EXPERIMENTS = 2K, K = NO. VARIABLES
DETERMINES EFFECT OF SINGLE VARIABLE AT TWO LEVELS
DETERMINES FACTGR INTERACTIONS (SEVERAL VARIABLES)

PERMITS RANKiNG GF VARIABLES ACCORDING TO MAGNITUDE
OF EFFORT

LINEAR ANALYSIS POSSIBLE FOR SUBSEQUENT PREDICTIVE
APRBILITY

FOR DiSCRETE DATA TYPES:

PREPARE SCATTER PLOT VS, VARIABLE
PLOT THE ZERO FAILURE LINE

USE GRAPHICS TO SPECIFY BOUNDRY CONDITIONS AND
ACCEPTABLE PROCESSING “WINDOWS”

DETERMINE FAILURE PROBABILITIES - BINOMIAL DISTRIBUTION

465
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PROCESS DEVELOPMENT ;
K
Manufacturing Practice :

DISCRETE VARIABLES

o  PREPARE GRAPHICAL INTERPRETATION OF DATA y
> DETERMINE "ZERO FAILURE® LINE ;
o  DEFINE BOUNDRY CONDITIONS FOR DEFECT-FREE "

MANUFACTURING ;

EXAMPLE: CELL BREAKAGE

0 = PASS
X = FAIL
RESIN BACKFILL RATE
TEMI:E‘;!gURE (MM HG/SEC)
Lo\ ZER) FAILURE _
LINE b
x LT e
x x AT
/ X XX |
VACUUM PRESSURE o
CMMHG ) s
P
o
S
|
Lo
. ¥
. 466
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PROCESS DEVELOPMENT

MANUFACTURING PRACTICE

CONTINUOUS ~ VARIABLES

] GRAPHICAL PRESENTATION ALSO GOOD FOR CONTINUOUS
VARIABLES

) PROVIDES BOUNDRIES FOR PROCESS/FORMULATION VARIABLES
BASED ON CRITERIA OF ACCEPTABILITY

. EASILY USED IN MANUFACTURING PRACTICE

EXAMPLE:  PERCENT GEL
(DEGRET OF CURE)

PROPERTY LINES
70%

TEMPERATURE
(°c)

DWELL TIME
(MINUTES)

AX
[/ XX X X\

PEROXIDE CONTENT
(2)

467
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PROCESS DEVELOPMENT

Future Work

IDENTIFY SIGNIFICANT VARIABLES
o FORMULATION
o PROCESSING

DETERMINE MATERIALS SPECIFICATIONS
AND QUALITY CONTROL METHODS

ASSESS EFFECT OF VARIABLE(S) AND
RANK ACCORDING TO IMPORTANCE

DEFINE FORMULATION AND PROCESSING
“WINDOWS” (ZERO FAILURE)

CONVERT DATA TO PRACTICAL ENGINEERING
FORMAT

RELATE DATA TO MANUFACTURING YIELD
o ASSIGN PROBABILITY OF FAILURE
o NORMAL DISTRIBUTION (?)

o WEIBUL (?)

PREPARE TROUBLE-SHOOTING GUIDE:
"WHAT'S WRONG IF . . . .?"

468
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PROCESS DEVELOPMENT

JPL Process Sensitivity Analysis

l DEFINE V/.RIABLES -J

m&‘@mftmm

DISCRETE

DETERMINE
CRITERIA OF
PERFORMANCE

—

UNIFORM TEST
SPECIMEN(S)

UNIFORM TEST
PROTOCOL

T

UNIFORM DATA
SET

CONTINUOUS

DATA
t

PLOT DATA

RANK VARIABLES
AND COFACTORS

|

BRACKETS AND
BOUNDRIES

BERNQULLL
PROBABILITY
DISTRIBUTION

| GRAPHICAL PRESENTATION |

e — e —————

ASSIGN PROBABILITY
YALUES-REQUIRED
CRITERIA_

DATA

i

FACTORIAL
EXPERIMENTATION

I

RANK VARIABLE(S) J

AND COFACTORS
1

BRACKETS AND
BOUNDRIES

I
[EULTIVARxATE ANALYSIS ]

T

PRESENTATION

[~ GRAPAICAL |

1
] _ DETERMINE l

469
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SILICON SHEET

Andrew D. Morrison, Chairman

Nine presentations were made covering research on Si shaped-sheet
technology.

Westinghouse Electric Corp. reported on its work (experimental and
modeling) to develop the dendritic-web process for making single-crystal
silicon (Si) ribbon. Progress toward atta1n1ng the end-o0f-1984 goal ol
demonstrating a gcowth rate of at least 10 cm 2/min for ribbon lengths of at
least 10 meters under conditions of constant melt leve. was described.

Ths Jet Propulsion Laboratory presented preliminary results uf its
in-house program on Si ribbon stress/strain modeling and plans for Si
properties measurement,

The University of Kentucky reported on its work to analyze stress/strain
relationships in Si ribbon. Results of calculations of conditions for onset
of buckling were reasonably consiscent with experimental observations.

Mobil Solar Saergy Corp. described results of stress studies of ribbon
produced by the edge-defined film-fed growth (EFG) method, and results of
studies on electrical characterization of defects in stressed float-zone,
Czochralski, and EFG Si.

The University of Illinois at Chicago reported on its program to measure
residual stresses in sheet 8i by interferometry and to investigate abrasion
and wezr mechanisms in Si,

fhe Massachusetts Institute of Technology described progress in a study
of high-3peed inclined growth of Si sheet . The formulation of a model for
finite-element analysis of inclined-meniscus growth was discussed.

Energy Materials Corp. reported on technology development of a low-angle
Si sheet (LASS) growth process. The work addressed achieving controlled melt
circulation to suppress natural convection; microstructural and electrical
evaluations of LASS material were also performed.

The Solar Energy Research Institute reported on a solid-melt interface
study that was completed, and also on a recently started program to study the
sheet-material requirements for high-efficiency Si solar cells. Development
of lifetime measurement techniques that will be used to evaluate the material
is under way.

PRECEDING PAGE BLANK NOT FILMED
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N85-32435
SILICON DENDRITIC WEB GROWTH

WESTINGHOUSE ELECTRIC CORP.

R S

S. Duncan
Technology Report Date
Single crystal ribbon growth 10/3/84 {
Approach Stat.s ‘

Silicon dendritic web growth
Contractor

Westinghouse Electric Corp.
Advanced Energy Systems Division

o Demonstrate 10 meter length of
continuously meit replenish web
crystal growth

o Demonstrate 10 squars centimeters
per minute steady-state web growth

¢ 6 Y% meters of uninterruped,
continuously melt replenished
web growth has been achieved
with three different growth

; JPL Contract 955843 configurations
® Jteady-state web growth of
) Goals ) ,
: 8 ¢cm2/min has becn achieved
| For 1984 e Major improvement in web

growth reproducibility has
heen achieved

e (Concepts for higher growth
rate have been developed

B

Principal Activities This Period .4

A

.-

o Grow Long Web Ciystals From Continuously .
Replenished Melt )

® Develop Temperature Distribution In Web And Melt

® Improve Reproducibility 0f Growth

® Develop Configurations For Increased Growth Rates

(Width And Speed)

® Develop New Growth System Components As

- b Cew e eme o .

Required For Improved Growth

o Evaluate Quality Of Web Grown |

473 PRECEDING PAGE BLANK NOT FILMFD
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SILICON SHEET

Continuously Melt-Replenished Web Growth

Three Web Growth Configurations Have
Achieved Long Growth (Approx. 6 Meters)

J435 (3.3 cm width)
J460L (# ' cm width)
J460LS (5.1 cm width)

Critical Regions of Temperature Distribution
in Silicon Web Growth

¢ Between Crucible Compartments
(Growth And Melt Replenishment Compartments)

@ Within The Growth Compartment
®Vertical Profile Within The Growing Web
® Horizontal rrofile Within The Growing Web

414
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SILICON SHEET
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Sliicon
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Crucible

Feed Compariment

.;Ju.ﬁ%ﬁ ’ . .N«Aem
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SILICON SHEET

Melt Temperature Distribution

- AT
C . )
Required —» —_ — AT=0420.2°C
—— AT=1.2°C
AT=25°C
\_/’

/

Principal Methods for Control of
Meit Temperature Distribution

o Stationary Shield Configuration
e Dynamically Positionable Shield Configuration
¢ Dynamically Positioiiable Work Coil

e Design Of The Barrier Which Separates Crucible
Compartments

476
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SILICON SHEET

Susceptor Shields

For Control Of Melt Temperature Distribution Includes
Both Fixed And Adjustable Shields ,

AP ot A

Temperature Distribution Within the Growing Web ! g
[

® Determined By Design Of The Susceptor L.ds “ ;
And Top Shields
-

¢ Predicted By Computer Model

e Lid And Shield Temperatures Measured In o
Growth System P

477 ‘
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SILICON SHEET

Reproducibility of Web Growth

Improvements This Period

o Crucible Re-Designed For Better Susceptor Fit And Improved
Thermal Transfer

o Rectangular Work Coil Fabricated With Precision Dimensions
® Perimeter Shields Re-Designed For Reproducible Spacing
o Mated Parts Fitted For Uniform Thermal Transfer

Configurations for Increased Growth Rates
(Width and Speed)

o Concepts Are Generated Through Computer Modeling
® Initial Design Specification Derived From Models
o Design Is Verified Through Experimental Web Growth

o Experimental Web Growth And Measurements Provide
Data For Additional Input To Model

Growth System Component Development

Major Examples Of Component Development In This
Reporting Period:

New Crucibles

Improved Crucible Barriers

New Induction Heating Work Coils

| New Furnace Cover Plate For Higher Growth Rate
improved Feeder For Polysilicon Pellets

Thermal Elements For New Growth System Designs

Instrumentation For Monitoring Dendrite Thickness
(Incomplete)

\ 478
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- ; OF POOR QUALITY SILICON SHEET

Web Quality Evaluation

A Sources
. From This Program
® Residual Stress Via Web
Split Width Measurements
® Dislocation Density Via Etch Pit Counting

® Defect Type, Distribution And Structure
Via X-Ray Topography

From Associated Programs

® Impurity Evaluation
® Electricai Properties
® Solar Cell Data

WEB SAMPLES FOR
STRUCTURE ANALYSIS

- 33cm =

Split Width

P

[ 3 S —
1
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SILICON SHEET ritiAL PAQE T8
OF POOR QUALITY,
J435 Lid Configuration

Etch Pit 30 — CoLs LT .
: Density - -
20 — -
(103cm -2) _ - e -
( a - L sh=a
10— 2248-3
) A/
- . _-——-'-'--.‘
) Residual
. otress
‘é {Mdyn/cm?2)
.74 —————————————
; 400 500 600
o Position, cm
J460 Lid Configuration
' 20 — - - —— - D e
) 16 — LT
Etch Pit v e oo -
‘ Density 12 — R461-5
: (103¢cm ~2) 8 —
t .
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Problems and Concerns

Calendar Schedule Of Goals Is Tight

Summary

e Technology And Direction Of Development Sufficient To
Surpass Goals When Fully Developed

o Major Improvement Achieved In Length Of Continuously
Melt Replenished Crystal Growth
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TEMPERATURE-STRESS MODELING
WESTINGHOUSE ELECTRIC CORP.

R. Seidensticker
Overall Goals
e Develop Higher Throughput Systems

e  Clurify Limitations on Ultimats
Throughput

Current Work

o Temperature/Stress Fields near Growth Front
o Etfects of Lateral Temperature Gradierits
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Dependence of oy at Interface on A/B; w

M dyn/cml

q(o,o)

Stress Fields at Growth Front

Model Representation

T(x) = fz exp(-Bx) + (- +D

T(x) = A exp(-Bx)
T(0) = -% +C

P.esults:

Stress fields dependon A =na B
but not onCeandD

485

-400 T T T T 1
As 3000, B varis
-so0f- _
-6oor- -
700} —
-s00F ..J
B+*5, A VARIES
-900}~ -
1 1 1 1 1
300 400 soo s00 Yoo 800
A
& K/cm

SILICON SHEET

1.35 cm

4

.

N e



» . Mog ="
ﬂ-ﬁmﬂ#& S
g

NSl e

e, -
.

SILICON SHEET

"

'
o

-

3000

ll]lIIl[lllT]‘llll[llYl

(14813)

9-53  FSSmmiissaemmTmoomTRETRAsss sl

eI NI NEENENI NN ENE SRR Y

-
-

1.0 20

Lateral Temperature Vartation
With Or. R. F. Sekerkea

Causes:

1. Yariation in thermal environment
across width of web

2. Veariation in cross section across
width of web

Modelirg Representation

Tix,y) = T(x) gly)
where

T(x) = -ﬁ

=2 exp (-Bx)+ Cx +D

and n
1+ ¢ (y/w)

(y) =
T e e

where w = ribbon helf width

¢’ 0 concave upward (smiling)

€ht 0 concove downward (frowning)

n = 2 quadratic case
n = 4 quartic case
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Symmetric Antisymmetric

Buckling Buckiing
25 ;._CZ(O
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g ) 5
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L0

Lateral Temperature Variation: Summary

“Frowning” lsotherms:
@ Inhibit buckling

® Should not affect residual stresses

The J460L configuration has been modified to
produce more frowning® isotherms in the web
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N85-32437
SILICON RIBBON STRESS-STRAIN ACTIVITIES
JET PROPULSION LABORATORY

B.K. Wada
C.F. Shih
C.P.Kuo

W.M. Phillips

Objective

PRESENT PRELIMINARY RESULTS

* STRESS - STRAIN
* MATERIAL PROPERTIES

Ultimate Goal

s ULTIMATE GOAL -ANALYTICAL SIMULATION

/ g

INFLUENCE OF
» GEOMETRY, NONAGH, - + « -
* SPEED,VELOC\TY, TRANSIENT
* TEMPERATURE PROFILE,
TRANSIENT

s AROWTH MEBTHOD
* FOLCES, GRAVITY, DUE. TEY, ..

RESIDUAL DTRESS
ON . Pemm-non
-y | ., esmuencv

C.‘

VALUABLE FOR, ‘
. LOWER COST, LOWER WIELD
«HIGH EFFICIENT CEL\S
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* USE EXISTING FINITE ELEMENT CODES
© RUEXIBILITY IN GEOMETRY

* TWO APPROACHES

* TOTAL PROBLEM

* STRESS, BUCKLING, MATERIAL NON-LINEARITY, CREEP, IMPERFECTION ----- > WHT'S QRITICAL?

® PARAMETRIC STUDY -----; > VARY ENGINEERING PARAMETERS

JPL Stress-Strain Effort

QUASI-STATIC
NASTRAN
DR. C-F SHIH

11,

IN-PROCESS GROWTH

DR. C. P. KO

-——---> SUPPORT PROJECT

Quasi-Static
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In-Process Growth
* B @ cees (0 -
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T <Y
02

T-J T (auwsi - sTaTIO)

03
o

Failure Considerations

* HIGH FINAL RESIDUAL STRESS ---=---2»
HADLING PROBLEMS

* HIGH IN-PROCESS RESIDUAL STRESS -=~-—-e--2n
DISLOCATIONS --—->  LOW EFFICIENCIES

* BUGKLING -——----->  DEFORED PRODUCTS —~-----3
INSTALLATION -—-—— >  BREANE
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Finite Element Model of 4 x 2 in. Silicon Ribbon
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Elastic Constant as a Function of Temperature (Burenkov)
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Stress Contours and Their Corresponding Stress Levels
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First Five Buckling Modes of EFG Ribben (D = 0.0 in.)

2~d. Mode
Az 0.378&

3rd Mode
Ay = 05142

4% M,de 50\ MOJC_
Ao = 0.5479 As = 0.7752
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SILICON SHEET

Buckling Mode (D = 0.035 in.)

Buckling Mode Shapes at Melt Interface (x = O)
and Their Corresponding Eigenvalues
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Dendrites Effect
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Buckling Mode Shapes at Melt interface (x = 0)
and Their Corresponding Eigenvalues
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SILICON SHEET

Temperat:i*< Profile
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Temperature Profiles Across the Ribbon Width

Eigenvalues for Corresponding Temperature
Profile Acting on a Dendritic Web (D = 0.07 in)

SILICON SHEET

“:J':‘ T %) Y | Tix.g) | Teinyg)
ist 0.2126 0.2150 0.2114
2nd, 0.228 1\ 0.2644 0.24695 0.2708
3, 0.2487 0.4645 0.4151 0.4751
4t 0.7289 07685 | 07853

Eigenvalues of EFG Ribbon (D = 0.0 in.)
Subjected to Two Temperature Profiles

Mrde

No. T Ta(x y)
ist 0.3632 0.4116
2nd, 03786

3d 0.5142 0.5868

Eigenvalues of EFG Ribbon With

Constant Material Properties

Mede
[ No,

T\(‘X) LY

Ts (%%)

st

0.632 0.7(4 0821

2nd

0.664 0.759 .12
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Temperature Profiles Along the Ribbon Length
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tigenvalues of a Dendritic Web (D = 0.07 in.)
Subjected to Two 1-D Temperature Profiles

sl Two Ts (50 To %)

1st 0.2126 0.245 0204 ,*'-.t
204 0.228) 0. 466 0.244

3d 0.39%1 0-929 0429
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Eigenvalues of Ribbons Subjected
to Linear Temperature Profile

(o]
Mode unf' FiWeb | Dewdiitic Web | EF6& Ribben
No. - D-o.o}l @ oLE are un:c‘:ﬂ.:’ D=0.0; okl1), E(1)

{ 0.1295% 0.406 0.566
2 0.46b 0.153 0.5¢8)
0.929 1.087 -

Summary: Linear Buckling Analysis

05, PLAY AN IMPORTAT PART IN THE RIBBON BUCKLING PROBLEM.

AGX IS NOT AN ADEQUATE DESIGN PARAMETER.

BUCKLING MODE INCLUDES BOTH BEAM TYPE AND PLATE TYPE.

DENDRITES AFFECT THE THERMAL STRESSES AS WELL AS THE BUCKLING ANALYSIS.
L = 4° MODEL PROViDES SUFFICIENTLY GOOD RESULTS.

NEED MORE RELIABLE DATA OF £(T) FOR 1000°C < T < 1400°C.

EFFECT OF TEMPERATURE VARIATION ACROSS THE RIBBON WIDIH iS MORE SIGNIFICANT
IN THE EF6 RIBBON.

LINEAR TEHPERATURE PROFILE PROVIDES A SLIGHTLY WIGHER CRiTICAL TEMPERATURE
MULTIPLIER. A BETTER TEMPERATURE PROFILE SHOULD BE INVESTIGATED TO ACHIEVE
IERO STRESS (IF PUSSIBLE).
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Elastic-Plastic Stress-Strain Relationship

o

| 03; Yoeld Stress
Hzx 30«0t
W { Plastic Modaias)
- \
<10([" ?226+¢ )
€ tEladic Medalus)
]
€

Yield Stress vs Distance From Interface

4 J\”“ psi
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Residual Stresses on a Dendritic Web at Room Temperature (20°C)
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Geometrical Nonlinearity and Imperfection (5.0 x 10— 4 in.)

TABLE 1. Thermal Steesses (P®') ot Each Increment
(€= 5.0 xi0%* in. )

Case I Cose IL Case I
)\ AN=0.05 AN = 9.025 AN = 0.025
SEMGN Mehod | SEMISY'Methed | ITER”Mehad
-515.5 -515.8 -515.0
c.10
—-4%3.7 -483. -484.2
-644.5 —6a4.2
°-128 -604.5 -604.9
6. 15 - 7136 Numercal -172.2
-1725.0 Unstable -17255
o~,']5 D.‘veya;ha
o« v
r'(/%:ﬁ 2 A -
0.20 thumarical u!\dAB\Ll
0.22%

Creep Analysis

0 CREEP LAY
.
€ = achc™r-
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SILICON SHEET

MATERIAL PROPERTIES ARE:

(1)

(2)

3

4)

HOMCGENEQUS AND iSOTROPIC (NO CRACKING, DISLOCATIONS, ETC.)

MECHANICAL PROPERTIES OF SILICON BEInu A FUNCTION UF TEMPERATURE UNLY (NOT
n FUNCTION OF 3TRESS OR STRAIN)

HAVING A BI-LINEAR STXESS-STRAIN CURVE (TRUE STRESS-STRAIN CAN E USED)

HAVING A FRIMARY AND A SECUNBARY CREFP FUNCTIGN

C.\O

_Ce c. -S
iex" _C'GCZCC"C? +Cr GAGT

€1, €2, €3, Cy, €7, (g, Cpg = CONSTANTS .
£ = EGGIVALENT STRA(N

6 = EQUIVALENT STRESS

T = TEMPERATURE (ARSOLUTE)

Methods, Criteria and Model Used in the Analysis

(3

(4)

FINITE ELEMENT METHOND

ANSYS (GENERAL PURPOSE STRUCTURAL ANALYSIS PROGRAM)
2-DIRENSTONAL TSOPARAMETRIC PLANE STRESS ELEMENT

3-DIMENSIONAL ELEMENT
CAPABILITIES: PLASTICITY, CREEP, LARGE DEFORMATION, ST"r$S

STIFFNESS, ETC.

MODEL :
2° WIDE AND 4" LONG STRIP
294 D.0.F., 100 2-D PLANE STRESS QUADRALTERAL ELEMENTS

20 3-D BEAM ELEMENTS (FOR DENDRITE)

CRITERIA:
TEMPERATURE {S CONSTANT LATERALLY (ACROSS THE WiDTH)

515
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UNIVERSITY OF KENTUCKY
0. Dillon

Stress vs Strain for Si (Temperatures in °C)
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SILICON SHEET

Approaches

(1) CONVENTIONAL APPROACH
A SERIES OF MODELS TO PRESENT EACH INIERMEUIATE STAGE
(QUAS]-STATIC ANALYSIS)

5
-+
~H3

STAGE 1 STAGE 2 STAGE 3

ADVANTAGE: SMALL MODEL IN EARLY STAGES

DISADVANTAGE: 1. A SERIES OF MUDELS (LABUR INTENSIVE)
2. POST-SIRESS HISTURY 1GNURED

(2) RECOMMENDED APROACH
A MODEL TO PRESENT ENTIRE PROCESS (DYHAMICAL TRANSIT ANALVSIS:

-
AUVANTAGE: 1. ONE MODEL ONLY L

2. ALL PAST-DEFURMATION INCLUBED

DISADVANTAGE: COSTLY AT EARLY STAGE ANALYS!S

-
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¢ £ ¢ ?
| | I
}
~ L
© H
- Q) H L } | | —=
STEP 1 STEP 5 STEP 10 STEP 15 STEP 20
Ay @ 1 = .1271-2 .1129-2 .8279-3 .2150-3 .9347-4 :,
Ax @ 6 »=,5085~2 -,2301-2 ~-.2979-2 -.3134-2 -.3202-2 '
(INCHES)
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SILICON SHEET

Stress Contours of oy by Steps

STEP 20
max = 1012

min = -1122

STEP 10 STEP 15

STEP 5
A = max = 149

max = 869

max = 228

I R O O

=469

min =

min = =159

0 = min = -117

(PSI)
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§
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STEP 20
max = 1885
min = -858

STEP 5 STEP 10 STEP 15
max = 782

max = 374

STEP 1
A= max =

max = 1293
min = -1159

.05

0 < min » -,02

min @ =314

min = =657

(PST)
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Stress Contours of Ty by Steps

STEP 10 STEP 15 STEP 20

STEP 5
A = max =

A e e

y max = 71
xy min = =416

t)(
1

556

min = ~337

max =

180

min = =209
(PSI)

max =

91

0 e min = =167

~ pem——— - g =

Conclusion

DYNAMICAL TRANSIT APPROACH WORKS

PAST-STRAIN HISTORY IS SIGNIFICANT
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STRESS AND BUCKLING ANALYSIS
UNIVERSITY OF KENTUCKY

0. Dillon

TECHNOLOGY
STRESS AilD BUCKLIIG ANALYSIS

REPORT DATE

10/3/34

APPROACH

MODEL MATERIAL BEHAVIOR
MODEL BUCKLING DUE TO THERMAL STRESSES

CONTRACTOR
UNIVERSITY OF KEMTUCKY

GOALS

o PROVIDE GUIDAICE BASED Ol ANALYSIS
FOR THERMAL PROFILES FOR REDUCING
STRESSES AilD IiJPROVING FLATNESS IN
WIDE RIBBON.

e HAVE RESULTS BE APPLICABLE TO ALL
SHEET GROMTH SYSTE!S,

STATUS

ELAS{1C STRESS AH{D BUCKLIIG AMNALYSIS
COMPLETED FOR COWSTANT NMATERIAL PRO-
PERTIES.

CRITICAL SHEET THICKNESS VS. SHEET
WIDE COMPARED FOR FOUR THERMAL PRO-
FILES.

RESULTS ARE REASONABLY CONSISTERT
WITH EXPERTIIENT.

SURVEY OF THE ECHANICAL PROPERTIES
GF SILICON

PRE-BUCKLED -STRESSES 1id PLASTIC RANGE
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Stress vs Strain for Si (Te.nperature i °C)
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Stress vs Strain for Si (Strain Rate 1/sec)

Ny = 2x108n72

10+
) T = 1000°C }/
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SILICON SHEET

Pre-Buckled Stresses

Elastic

APPENDIX A

The equations governing the st.ess in a ribbon consist of those which

reflect that the material fs in equilibrium, that the deformations are cor-

patadle and that there is a raterial constitutive relation

{a) one can neqglect the three stresses : _, (b} nat the matertal 1s elasi':
1z R
and that Youn7's moddlus and Potssons rat1o are constant™the qoverrin-ea_:s :- ¢

Equrlvhrium

30 A0
LS S VR
Ix dy Y
acx . Sovv o
ax 3y
Compatabylrty
azcxx azcvv 325x
+ — R -4
ay? e 3x3y

Constitutive relations

Equations {A-1) combine to yield

2 2
E] Oux . 3¢ v
axz ey

thile Eqs. (A-2) through (A-4) yield

2 2 2 2
3_:*_ L 30y, i 3°a i F] Ox i g_éi’
3)2 ~;:7_ 3y —;;7_ axi
532
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“ Second order central differences equivalents of these equations are:
]
? 9, (141:9) = 20,,(10) - o, (1-1,0)
B
3 + [a”(l.Jﬂ) - Za”(l.d)
: <o2,.2 s
; ‘-”(l.J-\)J _x"/y 3
' and
i
! { = - .3
4 oyy‘lﬂ.J) Zoxx(l.J) c”(l W)
! = 0, {1+1,0} ¢ 2 (1.J)
\ 2T 2
. - G’x(l'].\]) - —2— e 4
. I
- (892 [0, (1.941) - 20,,(1.0)
+ a“(I.J-l) + o”(l.J*l) - Za”(I.J)
- A-6a
+ ow(l.J 1l (A-62)
! on-O
ou-O )
¢
: “xy 0 %y 0
oy 0 Oy
X
. d t £ -
. Note o =0 o . 0
; xx xy
. Oyy?0
: MELT
i
Assumes t > t,
. (NO BUCKLING)
. 3
"
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We assume the Sumino model of viscoplastic behavior, i.e.

<L
£y *

58 Mal¥; - n.mm)"e“"“”(a‘J - oy 843/

g /3,

vy o/N,
OISLOCATION DENSITY CHANGES!!

By = Ky Ny (x - 0/ )T WK

MOBILE
NEN: SOME BASIS FOR A "SHAPE" FACTOR
1 Vs
K
\
ST 1]
A
b
B
To Y MATERIAL “CONSTANTS*
]
[}
Ky
Q
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2+ 2.
) Ty . L)
ax 3y

The compatibility equation is

2- 2.
d€ 235y 3 Sy

—*t "‘5‘! Wy ay

€qs (2) and (3), to yield

2« PL 2+ PL 2.
. (_“fxx ' ? cxy -2 3¢
ay ax2 3xay
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PLASTIC

2 2
3o,k (o v ) 2

)
_7211_.___%7::_.,“%_

ax

3ZéPL EZEPL BZEPL

A
E XX o
G S R T

k\

PULL RATE
2 2
30 3o
xx . gz
3x! dy

C;i’g = function of stresses and N_

fig = KMo (v - MIM)M'Q-Q/RT

“+ SOLVE VIA INTERATION!!!!

“9“ = ELASTIC
:

.2'0.
OUTPUT  STRESSES (x.y)
STRAIN RATES (x,y)
VERY NEW —> DISLOCATION DENSITY (x,y)
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SILICON SHEET

W

L=1cm £ 21072 gec”!
C=2c¢m
T« Tw P 21077 gec”!
):l = .1147 x 108 pascals

nax

Typical

oi: = ,1086 x lo8 pascals

max

2

Ninit = 1.0/cm

Nfinal = lZ/cm2 at outer edge

6/cm2 at center

EVERY PROBLEM DIFFERENT

3

¢ 2107351072 sec”!

+ 1074 sec!

1073 sec”! once in awhile
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SILICON SHEET

NUMERICAL
PROCE DURE

NOTE 1}

NOTE 2:

NOTE 3

.

.,
RN

CONVERGES RAPIOLY
change 1n o 1s & 107%

DOES NOT CONVERGE

ELASTIC REGION HO PROBLEM

DUES NOT CONVERGE

[

weans &% 5 107 sec”!

50, 2
N' = 107 /cm

L = .65 cm CONVRLRCES
MAJOR OBSERVATION
L= .70 cm CJES NOT

L = 0.5+ 10. CONVERGES WITH [, . TEM PROFIL=

FOR STRESSES JSE ELASTIC

FOR RESIDUAL STRESSES
FLASTICITY

CATER)

THI% iS PROBLEM.

PLASTICIT: IS SMALL BUT IS JUST AS BAD AS A LOT,

€ 45 HIGH oy APE HIGH
Ta75°x¢s .75 cm

MODEL INADEQUATE
Re: DEFORAATION MODE CHANGES (twins)
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Problems and Concerns
. 1. Ny ot MELT INTERFACE (x=0)
2. VALIDITY OF CONSTRANTS FOR SUMISO MODEL FOR RI“BON
3. SHOULD WE THINK “"TWINS"?
4, SHOULD WE WORK OTHER PROFILES?
5. ROLE OF CHANGING “L"
i
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5 N85-32440
STRESS AND EFFICIENCY STUDIES IN EFG

MOBIL SOLAR ENERGY CORP.

. ' J. Kalejs

TECHNOLOGY REPORT DATE
ADVANCER MATERIALS RESEARCH TASK Ocvoser 2, 1954

N APPRCALH STATUS

STRESS \ND EFFICIENCY STUDIES IN EFG ® DEVELOPMENT OF INTEGRATED STRESS AND
; THEFMAL MODELS FOR EFG GROWTH PRO-
CE5S IS COMPLETED

CONTRACIOR - EFG TEST SYSTEM OPERATIVE.
; MOBIL SOLAR ENERGY CORPORATION, ~ NEW CREEP DATA FOR STRESS
; | CONTRACT NUMBER 956312 ANALYSI3 AVAILABLE.
( GOALS
% @ TO DEFINE MINIMUM STRESS CONFIGURA- o EBIC ANALYSIS 1S UNDERWAY TO
: TION FOR SILICON SHEET GROWTH. OUANTIFY RELATIONSHIPS BETWEEN
i ELECTRICAL ACTIVITY AT DISLOCATIONS
; ® TO QUANTIFY DISLOCATION ELECTRICAL AND BULK Ly,
- ACTIVITY AND LIMITS ON CELL
oo EFFICIENCY, ® LOW RESISTIVITY SHEET DEFECTS

CHARACTERIZATION HAS BEEN STARTED.
® TO STUDY BULK LIFETIME DEGRADATION

! DUE TO INCREASE IN DOPING LEVELS,

;:': PRECEDING PAGE BLANK NOT FILMED
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SILICON SHEET

Work in Progress

@ DEFINITION OF MINIMUM STRESS SHEET GROWTH CONF IGURATIONS:

- MODELING OF NEW EFG TEST SYSTEM GROWTH AND STRESS/DEFECT
CHARACTERIZATION OF RIBBON.

- EVALUATION OF NEW CREEP DATA FOR PRED|CTING STRESS
REL IEF,

® EBIC CHARACTERIZATION OF DEFECTS:

- DEVELOPMENT OF HIGH RESOLUTION QUANTITATIVE MEASUREMENTS
OF LOCAL '-n VARIATIONS,

- ROOM AND LOW TEMPERATURE COMPARISON OF DISLOCATIONS.

¢ OPTICAL AND HREM STUDY OF DEFECTS IN HIGHLY DOPED (< 1
€2-CM) SHEET:

- EFG RIBEON COMPARISON OF B, B GA DOPING EFFECTS.

Combined Thermal-Stress Analysis

o THERMAL ANALYSIS DEFINES OPERATING SPACE FOR GIVEN
SYSTEM BOUNDARY CONDITIONS.

® SHEET TEMPERATURE PROFIL.ES ARE GENERATED FOR GROWTH
CONDITIONS.

o SHEET STRESS STATE IS RELATED TO OPERATING POINT:
FING:

- STRESS LEVEL CHANGE WITH T, VS DEPENDENT ON
OPERATING POINT LOCATION.

546
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2 SILICON SHEET -
o 08— DI SDUINEM SP—
f die top
. 3
eoo v
; ¥
%
PR x
B Y a B
. 3 Q04
; -
L - b
c ! u
i
Lil 002k / -
%]
t A
. 0 A A L
o Q23 05 Q75 10

LENGTH OF VIEWING WINDOW cm

008 T 1 T

sframt

: o o, Ve e L T T ]
- 500C 3007¢C £ die top
A v
al 006 -
A w
€ z
27 x
b v}
-, . I 4
;‘:4 1000 ¢ Ivsooc = 004
e e
e 1 127 .
; I -
(. 1320'(::] E1320’C » 002 b o
" wllle c ;
o i L 1.
B (o) 1 2 3 4

‘ STATIC HEAD cm

(A) Effect of dimensions of the capillary spacing ang die flats
and length of the viewing slot on the sheet thickness for new

- system at capillary spacing (27) of: (a) 0.0254 om and (b)
0.0662 cm. (B) Asyrmetric env]romnt temperature distridution.
(C) Dependence of the sheet thickness on the static head for
(a) symmetric and (b) asymmetric heat transfer surroundings.
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ORIGINAL PAGE &
OF POOR QUAUW S|L|CON SHEET

(a)

EFG ribbon grown at 0.8-0.9 cm/min: (a) high
magnification dislocated region of Liiders
bands (thickness 0.23 mm); (b) low magnifica-
tion dislocation-free regions of thin (0.36
mm) and thick {0.75 mm) ribbon,
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SILICON SHEET

New Creep Law Formulation

® SILICON SHEET RESPONDS AS A PLASTIC SOLID DURING
STRESS TRANS!ENTS TYPICAL OF EFG SHEET GROWTH ABOVE
1200°¢.

» LIMITATIONS AT LOW STRESS (¢ 5 MPA) ARE IMPOSED BY
DISLOCATION/DEFECT DENSITIES:

~ CREEP RATE 1S REDUCED ESSENTIALLY TO ZERO WITH ND
APPROACHING 1 X 107/CM2.

- TWIN BOUNDARIES., IMPURITIES PROVIDE ADDITIONAL
CONSTRAINTS,

® AT HIGH STRESS LEVELS (2 10 MPA) STRESS RELIEF IN EFQ
SHEET OCCURS BY LUDERS OR SHEAR BANO FORMATION.

T ¢ 1000%

1. Primary Creep - Present Work

0¢ £« 10°? L0 cE <103 s7)

Ny < 5 x 107/cm?

D

2. Luders Bands (Mahajan et al,, Acta Met. 27{(1979) 1165.)

Otserved for T < 1000°C

3. Secondary Creep - Steady-State
Ex 1-10% , N> 10%em

2

-

‘ X%
3 b
550 s
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i Comparison of Secondary and Primary
Creep Laws for Silicon Above 1200°C
” Sassadary (Bteair-ispte) by = Clnamim ™ sy
Y Bafersace C OL/Gh-)) P (D) . iG-1)e
N Ja L
. "gigh Cresy” Conditien 1,08 1 10% 9,760 8 12107
Sletheff ssd Shster (1983) 5.8 3 10% a,800 3.6 41z107t
Primscy (Tzanaisat) by =c to 0™t 5,
» Refesence ¢ (ore-0)"" a i(e-2)0e
,3; Proseat Vesk 7.45 3 10"} 10 41110
_, (111) mz
g sCaleslated strala rate for v/p = 1070 asd T = 1300°L,
:\ *Calenlated streia rate for o /p = 10’,

o o JI7D l“| l“

)
lu oy~ 1y ey, l“

Stress Analysis

® INCORPORATION OF YERY HIGH CREEP RELAXATION ABOVE
1200%C:

-0 = ODONNTOSMETO(TM.

@ NEw THERMAL EXPANSION COEFFICIENT (Y, OKADA AND Y.
TOKUMARA., J. APPL. PHYS.., 86, 314 (1984)):

Q= 3.725 x 107 {1 - exp[-5.88 x 1073 (1 - 1201} +
5,548 x 10710 1 k"N,

73
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S8 New Creep Presentation

€~ Oy Oy =0 Ty>T>T,

& = (C/T) Lexp(-8/T)) 0° T, > T > 300%K

To = 1200%, 1000% ;‘

1
WIDTH = 8 CM, 4 CM .
- GROWTH SPEED = 3 CM/MIN ;
- §
- HiGH CREEP COND!TION i
k. ;
4 H
. t
¢ 1600 ‘
.
b 400 .
1
: 1200
;
1000 g
- 3
E
o T (°K) i
s b
t i "
600 |- :
: i
2 i
3 400 |
I i A 1 1 A L | -
0 2 6 10 14 1%
' DISTANCE FROM INTERFACE (cm)
{
f
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ORIGINAL PAQL S  SILICON SHEET
OF POOR QUALITY

- o -
80 T, = 1612°C, 2W = 8 cm
60
T, = 16412°C, 24 » &4 em
°yy 40
(MPa)
T, = 1000°C, 2w « 8 cm
20
10009C, 20 » 4 em
\761? - T — 20
-20
DISTANCE FROM INTERFACFE (cm)
oy (MPa)
-200 0 200 400 600 800
W
0.75)=
b 1. Elastic solution, 2W = 8 em
2. T, - 1200%, 2V = 8 em
T, - 1200%C, 2W = 4 om
0.50 4. T, = 1700%, W = & cm
T 5. T, = 1097%, 70 = & em
0,25
0 I U IOV S | [ U |
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SILICON SHEET

Dislocation-Efficiency Studies

@ DEVELOP METHODS TO QUANTIFY INFLUENCE OF DISLOCATION
ELECTRICAL ACTIVITY ON BULK LIFETIME WITH ROUM AND LOW
TEMPERATURE EBIC.

o STUDY EFFECTS OF DISLGCATION DENSITY, STRESS LEVEL AND
TEMPERATURE OF GENERATION OF DISLOCATIONS ON BULK
LIFETIME,

WoBRK. {N PROGRESS - COMPARISON OF STRESSED FZ. CZ anD
EFG RIBBON.

ELECTRON

COLLECTING
JUNCTION

CARRIER GENERATIOF |
SPRERE

BASE REGIOR 07
SEMICONDUCTOR

554
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Fig. 12. (a) Room temperature, and (b) low temperature EBIC
of same region for stressed carbon-rich CZ.
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(b)

Fig. 11. Low temperature EBIC micrographs of (.} center and
(b) edge of stre sed carbon-doped CZ wafer.
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SILICON SHEET !
Low Resistivity Studies

0 POWER OUTPUT OF SILICON SOLAR CELLS MAXIMIZED BELOW 1
£)-CM, BUT SEVERE OEGRADATION OF ISC’ Voc OCCURS IN
MORE DEFECTED SILICON BELOW 1 £J-CM,

© BORON-IMPUR! TY-DEFECT INTERACTIONS LEADING TO DEFECTS
RESPONSIBLE FOR OEGRADATION HAVE NOT BEEN STUDIED.

® PURPOSE 1S TO CHARACTERIZE LOW RESISTIVITY MATERIAL
DEFECT STRUCTURE AND ATTEMPT TO RELATE IT TN
DEGRADATION,

['—r—'—|-1_l"l'r T J LI 'l" ¥ L B § ‘ ™y t" ) L] A T
NI |
] [ i -
N b
y i
17 ‘ |
3
: -
E “00*’ - : #é
Iy ¢ 510y CRUCIBLE -
“ x $.0.P, o
® 0o, WIENT} C cRuCIBLE s
2.0 ] QAR ) AT HMS . :
U WP | NP BRI | —aa ba ol —a sl
0.1 1.0 10,0

ResisTivITY, f)-CM

EFFICIENCY AS A FUNCTION OF RESISTIVITY IN EFG MATERIAL, B-DOPING, GROWTH ~ROM
FUSED SILICA AND GRAPHITE CRUCIBLES, AMBIENT EFFECTS WITH GRAPHITF CRUCIB'E
GROWTH ARE NOTED IN THE FIGURE,
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SILICON SHEET

Problems and Concerns v

@ RESIDUAL STRESS MEASUREMENTS NEED TO BE RELATED TO
GROWTH VARIABLES,

¢ DISLOCATION ELECTRICAL ACTIVITY DEPENDENCE ON:
~ TEMPERATURE AT WHICH THEY WERE FORMED.
~ CARBON, OXYGEN IMPURITY AVAILABILITY,

~ CELL PROCESSING VARIABLES.

o LOW RESISTIVITY DEGRADATION MECHANISMS |IN MORE HIGHLY
DEFECTED SILICON MUST BE AVOIDED.

Future Work

@ ANALYSIS TO DEF INE MINIMUM STRESS CONFIGURATIONS: :
boos
~ STUDY EFFECTS OF NEW CREEP LAW AND PREDICTIONS FOR EFG TEST o
&7
SYSTEM, ks
~ TEMPERATURE FIELD CHARACTEKIZATION, .
3 e
- RESIDUAL STRESS-DEFECT EVALUATION OF RIBBON (U. OF ILLINOIS). P
® ROOM AND LOW TEMPERATURE EBIC CORRELATION OF DISLOCATION e
)
STRUCTURE ANO ELECTRICAL ACTIVITY WITH BULK L. A

o CHARACTERIZE LOW RESISTIVITY SILICON MATERIAL:
- DISLOCATION STRUCTURE WITH VARYING LEVELS OF DOPING. (B, B-GA),

- HREM (CORNELL) STUDY OF MICRODEFECTS.

560
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N85-82441

RFACE STUDIES

UNIVERSITY OF ILLINOIS AT CHICAGO

S. Danyluk

Relative Magnitudes of Residual Stresses

in Web and Mobil

Silicon Sheet

TECHNOLOGY

REPORT DATE
October 2, 1984

APPROACH
Residual stresses in sheet silicon by interfero-
setry.

Simulation of abrasion of silicon by diamond by
scratching and indentation tests.

CONTRACTOR

GOALS

Develop non-destructive residual stress measure-
sent technique.

Deternine wear sechaniss in silicon.

STATUS

Developed an interferometry technique for measuring

residual stresses in short, thin silicon sheet,

Measured the residual stresses in WEB and Mobil
sheet,

Correlated experimental wear rate with a wear model
Deternined the residual stresses due to scratching.
Showed that dislocations are associated with

scratching and indentations performed at room
temperature.
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1 Scraltch

Air

|

i

i DI H20

ii

f

: Acetone
.ij

I

Ethanol
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ORIGINAL PAQE S
OF POOR QUALITY SILICON SHEET

SEM MICROGRAPH OF (Il1) P-TYPE SILICON INDENTED

| UNDER A LOAD OF [0.49N IN 1G° M/L Nak;
ANNEALED AT 1373 K-2HRS AND ETCHED IN DILUTE

SIRTL SOLUTION.
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- (present work)
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Optical fiat
(or master grid)
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Relative
deflection
ﬁ_ Oyx profiles
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OF POOR QUALITY
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ORIGINAL PAQGE 'S :
SILICON SHEET OF POOR QUALITY

f

el

6 (MPq)

LK A Cheba JamfS L L
(
-
—
——

7?‘

Jin

-

P F R ¥

1
" Outer
| Support
i
ﬁ —“ M,‘ [ I i | “Mjl
3
E
b P
: B’
: s Magnitude of Maxi Growth Speed ek’
- gnitude o Ximum TOou pee P
le No. Residual Stress (MPa) (cn/mim) E’?Z;
WEB JS15-2.3a 2.5 o
- J460-2.5a 0.4 %4
. el
. sl
- ' i
’ 47R1-1 9.0 2.00 -
Mobil -2 5.0 2.00
-3 7.3 1.75
-4 6.5 2,25
|
=
Problems and Concerns
) 1. Do the residual stress measurements correlate with strain gauge measurements or
dislecation distributions?
. ! 2. Is the fluid chemistry changed as a result of microcrack or dislocation generation?

i
i
3. Does the abrasion mechanism change when abrasion speeds are high? What 1s the contact ‘ *
temperature. ’\
!
|
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) SILICON SHEET
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Robert A. Brown
Program Goals
e DEVELOP A GENERAL-PURPOSE FINITE ELEMENT PROGRAM FOR ANALYSIS OF
SILICON SHEET GROWTH IN INCLINED CONFIGURATIONS. VERIFY ANALYSIS
WITH EXPERIMENTAL DATA OF OTHERS.
@  USE PROGRAM TO STUDY PARAMETRIC SENSITIVITY OF VARIOUS GROWTH GEOMETRIES
WITH RESPECT TO:
@  THERMAL CONTROL AND GROWTH RATE
@  DOPANT SEGREGATION
@  THERMAL STRESS )
@  INTERFACE MORPHOLOGY AND INSTABILITY
e  UNDETERSTAND TRANSITIONS IN INTERFACE MORPHOLOGY AND RELATIONSHIP
..
TO DOPANT SEGREGATION. -
Outline
1. THEFMAI‘CA?ILLARY MODELING OF MENISCUS-DEFINED
RIBBON-GROWTH
PREVIOUS RESULTS FOR EDGE-DEFINED FILM-FED GROWTH
PROTOTYPE MODEL FOR INCLINED RIBBON GROWTH
CALCULATIONS OF NONL INEAR MORPHOLOGICAL STRUCTURE
B
571 .
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Prototype of Inclined Ribbon Growth

Complete Analysis of Meniscus-Defined

LD

Mecr

FIBIIISILIS IR ISTINES

.
ASSINMIN SR NI RN

SOLUTION INVOLVES DETERMINING

1. TEMPERATURE FIELD IN MELT

2. MELT/CRYSTAL INTERFACE SHAPE
3, MeLT/GAS INTERFACE SHAPE

i, CRYSTAL THICKNESS

Growth System Required

SO_UTION OF ENERGY EQUATIONS IN ALL PHASES
(MELT, CRYSTAL, DIE) AND ACCURATE ACCOUNT
OF RADIATIVE HEAT TRANSPORT TO SURROUNDINGS

DETERMINATION OF MELT/SOLID INTERFACE SHAPE

CALCULATION OF MELT/GAS INTERFACE SHAPE TO
SATISFY EQUATION OF HYDROSTATICS.

CALCULATION OF SHEET THICKNESS TO SATISFY
EQUILIBRIUM GROWTH ANGLE.

DEFINES A VERY COMPLEX NONLINEAR FREE-BOUNDARY
PROBLEM. ALGORITHM FOR SOLUTION HAS ALREADY
BEEN DEVELUPED.
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SILICON SHEET

Strategy for Development of Analysis

] COMPUTER-AIDED CALCULATIONS ARE BASED ON FINITE ELEMENT METHODS
DEVELOPED FOR EFG SYSTEM IN COLLABORATION WITH RESEARCHERS AT

MOBIL SOLAR ENERGY COMPANY.

[ ] THERMAL STRESS ANALYSIS ALSO BASED ON FINITE SLEMENT SOLUTION OF
NONLINEAR EQUATIONS FOR ELASTOPLASTIC DEFORMATION COUPLED WITH

THERMAL-CAPILLARY HEAT TRANSFER ANALYSIS.

(] COMPARISON WITH EXPERIMENTS WILL INTEGRATE HEAT TRANSFER BOUNDARY
CONDITIONS APPROPRIATE FOR PARTICULAR GROWTH CONFIGURATION DIRECTLY

INTO THE FINITE ELEMENT ANALYSIS.
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N8C-32443
EDGE-DEFINED FILM-FED GROWTH
OF THIN SILICON SHEETS

MOBIL SOLAR ENERGY CORP.

H.M. Ettouney and J.P. Kalejs

~
_HEATER

~COOLER

Thermal-Capillary Model

(] TEMPERATURE FIELD OETERMINED
COWDUCTION DOMINATED HEAT TRANSFER

IN MELT AND CRYSTAL.

[} MELT/SOLID INTERFACE SHAPE DETERMINED AS

. MELTING POINT ISOTHERM.

[} MENISCUS SHAPE DETERMINED B8Y BALANCE OF SURFACE

TENSION AND HYDROSTATIC FORCES.

L] THICKNESS OF SHEET DETERMINED 8Y CONDITION

POR EQUILIBRIUM GROWTH ANGLE.

L] DISTANCE FRUM DIE TIP TO HEIGHT OF MFLT POOL

AKTS ARFEARNCE PRESSUNK IN WRNISCUS REGION,

|

£

HEATER

~COOLER

PRECTDING PAGE DNLANK NOT FILMFD
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SILICON SHEET
Model Description

@ Finite Element Analysis to Provide:

= Coupled Solutions for Heat Transfer and Capillarity
in Three-Phase Domain of EFG Die/Melt/Crystal.

= Three Unknown Boundaries for Crystal Thickness,

Melt/Solid, Melt/Gas Interfaces.

® Two-Dimensional Navier-Stokes Flow Field
in Die Top and Meniscus (Interface) Melts

® Diffusion Equation Solutions
for Segregated Aluminum Dopant

Physics Is Best Explained for Growth Into Ambient

at Uniform Surrounding Temperature

Die Geometry

A
(crYsTAL t
THICKNESS?
rc
—id
|
b
3
d=0.005 cm

b = 0.125 cm

Ty, (DIE TEMPERATURE)

576
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TEMPERATURE (°K)

— T

Operating Diagram for EFG

GROWTH RATE (cm/MIN)

SILICON SHEET

T ] T
%
i)
C
% t=0.025 cm
XN
2)
. o
e | 1
1720 1740 1760

INLET MELT TEMPERATURE, T

o MELT BECOMFS SUPERCONLED FOR

LOW DIE TEMPERATURES

. dTL o

TD("K) V{cm/min) W(EE)
1773 0.96 875
1763 1,81 743
1783 2.57 612
1743 3.41 475
17.° 4.28 33
1723 5.15 186
1713 6.11 k)3

= o ]
& 1 nesesm—
7SN 1 s Y Wi wih i aaenanhdety CONTROL
b SCHEME FOR
54 - MAINTAINING
2 07 1713°k CONSTANT
= THICKNESS
[
2 ~
o -
& 0.0LFy1973% .

SR

GROWTH RATE (cM/MIN)

Crystal Thickness Is Maintained Constant
by Simultaneously Changing v and Tp
1694 1 T
TD-1773'K

1685 .

TD-1713'K
1676 ]

0.25 0.2625 0.275 0.2875

AXIAL DISTANZE (CM)

o A MAXIMUM GROVTH RATE EXISTS WHERE TEMPERATURE GRADIEHT AT INTERFACE

ONSET Or SUPERCOOLING.
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SILICON SHEET

Comparison of Calculations and Measurements for

A BT

. . . . A!J R Y
PRI LU -y

-,

Ambient Temperature Distribution Used
for Comparison With Experiments

TEMPERATURE, T

RIGBON

ENVIRONMENT

T

i

o
T
——=—=DIE TOP

|

(
|
|
|
|
|
|
i
(
|
|
(
|

-HEATER

11

1

|
0 20 60 100 140
AXIAL DISTANCE, y

180

Prediction of Thickness Variation With Pull Rate

® EXPERIMENT
— CALCULATED

Q05— To:'7|2 K / "4 500 —é
T2:1733K K
E - 32
S Or
(/)004—_T°=|72|K han 400 &S
v 1a:1070x 3
Z =<
X zZax
O 003 —~{ 300 HO

I
- it
o w2
¥ 0,02 —200 K&
[72] ug
23
u

0.01 — 100
o) | | | 1 0
2 2.5 3 35 4 4.5

GROWTH RATE (cm/min)
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FINITE ELEMENT ANALISIS OF THERMAL-CAPILLARY MODEL SETS ’ 1
SHAPE OF MELT.

VELOCITY PIELD IN MELT COMPUTED BY FINITE ELOMENT

SOLUTION FULL NAVIER-STOKKS EQUATIONS IN MELT.

DOPANT CONCENTRATION FIELD CALCULATED BY

SOLVING SPECIER CONSERVATION EQUATION

WO ADJUSTABLE PARAMETERS I¥ CALCULATION I

ey

IR T LS )
e B .Ak.k{\.z&:..‘.’“.%. P

ORIGINAL PAGE ‘1§
OF POOR QUALITY

Operating Region Predicted by Finite Element Analysis

SILICON SHEET

0.08 (7 T —
008} -
o 004 ver2.5cm/min .
g
F 0.0SF -4
-
5 oiees Lmr
go 1
5
|~
f’, -
" THERMAL~
CAPILLARY
[ Lo uUMIT
o | ==t ] 1l
) 2 Y 6 [ 10 12

STATIC HEAD {+m)

Dopant Segregation Effects

Distribution of Dopant Through Ribbon Thickness Depends on:
(1) interface Shape = Heat Transter Sciution

(2) Solidification Flow Field - Navie: Stokes Sokstions
Parameterized by Die Geometry, Meniscus Configuration

(3) Surface Tension-Driven Flow

Accurate Calculation of Dopant Segregation

MELT/CRYSTAL o
mmmgt{

e ~ PegV-(cv) =0

Pag = 213v' /0
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SILICON SHEET

VELOCITY FLELDS

CONCENTRATION

FIELDS

LATERAL DOPANT SPEGREGATION PREDICTED BY CALCULATION OF DETAILED VELOCITY

sHeeT |

(a)

0IE

e

23 cmhmn

2.5 c¢m/min

(b)

30

OIE

Lateral Dopant Segregation

7|
(+]] 2
4 cm/min
T
k) 4 cm/min
100
S0
(+ 13

A ————

AND CONCENTRATION FIELDS IN THE MELT USIKG HEAT TRANSFER ANALYSIS.
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SILICON SHEET

Aluminum Distribution Across Thickness of Si Sheet

3 | 1 T 17 v .71 7 | LA L]
. g [-emn ‘
O & J ' 1
fn g (] - . -
g ! oc'......‘
o o H
‘J: § [ (L :
. 50
: '8 - 2.5 CH/MIN
; - h '
{
. [-X] PR WY S NS RSN SN WA SN W G ;
S 0§ o4 o2 0 0z 04 o8 7
- X COORDINATE .‘
:}
i
ey &
P (=4 — T T I
N R ,;
- [ ] f
’ ! a -.W"‘.' oL i
;‘ % g o -~ (
i
o é L Yg * 3.5 GuRIN 4
| .
: IO. N G | A i
! -0 02 01 0 Qi Q2 03
i X COORDINATE
Surface-Tension-Driven Flow
y = 8o ar
at &
sh EFG:
AT* ~ 5-20°K (model)
do _
— = -0.2 dynes/cm-K (Hardy)
a¥
g = 0.0088 polse
V = 120 cm/sec > V; (0.04 cm/sec)
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SILICON SHEET

i
A
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oot

. METHODS IN NONLINEAR ANALYSIS

o ¢ ANALYSIS CAPABLE OF PREDICTION OF ONSET OF DENDRITIC

. e 4

=Ty

N ——
. h's
: CRYSTAL | MLy
P —»
Ceus

Summary

® F1t of Finite Element Model Predictions to Experimental Data Achieved For:

= t=Vg Relationship
= Growth Rate Limits

i = Aluminum Dopant Segregation Dependence on t, v.

With One Adjustable Parameter T,.

9 Comprehensive Nature of Finite Element Model Demonstrated
i for Predicting Process Variable Relationships,
> interface Configuration and Dopant Segregation

HONLINEAR ANALYSIS OF MORPHOLOGICAL TRANSITIONS DURING
DIRECTIONAL SOLIDIFICATION TRACES EVOLUTION OF PLANAR
INTERFACE INTO H:GHLY STRUCTURED CELLULAR AND

DENDRITIC FORMS.
TNCREASING VELOC ITY

B i et Al o

PLANE D!NDRIT‘_&

¢ ANALYSIS COMBINED FINITE-ELEMENT-METHODS FOR SOLVING -
EQUATION-SET FOR TRANSPORT AND MORPHOLOGY WITH NEW

® FIRST T0 PREDICT TRANSITION TO DEEP CELLS
o SHOW FUNDAMENTAL MODE FOR REDUCTION OF CELL WAVELENGTH

® FIRST YO EXPLAIN ROLE OF GRAIN BOUNDARIES IN ONSEY OF
CELLULAR STRUCTURE

GROWTH

&
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SILICON SHEET

Two-Dimensional Model of Interface Morphology

Intaerface

TelemCery
0T ¢ Rg-\ﬂs e PemSt

pevC ¢ RopevC, » t_\-gyPe (k-1)c

Rs= ts/x
Rm s DS/D
Pe = /0D

Pe. * Av/k

Th

St - l./pCpT.

Models for Studying Morphological Structure

’ rw—-——-——-——--———-

MOOEL LATENT | THERMAL CONVECTIVE SOLID REFERENCE ..
HEAT CONODUCTIVITIES | HEAT TRANSPORT| OIFFUSION A
THERMAL-SOLUTAL YES NOT EQUAL YES YES UNGAR ET AL (1984)
(TSM)
ONE-SIDED TSM YES NOT EQUAL YES NO MULLINS AND SEXERKXA
4 Appl. Phys. 34 323 (1963)
EQUAL YES EQUAL YES NO MC FADDEN AND CORIELL
conNDuCTIVITY Physica D in press (1984)
SOLUTAL MODEL NO EQUAL NO YES UNGAR AND BROWN,
(SM) Phys. Rev. 8. (I984)
SYMMETRIC SM NO EQUAL NO YES LANGER, E&M
(G 4y s2, 1 (198
ONE-SIDED SM NO EQUAL NO NO UNGAR AND BROWM
Phys. Rev. B. 29, 1367 (1984)
“
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SILICON SHEET

Interface Deflection, A

1 1 | T T

4 1.0 P=0C.8 4
= Ry =0 OO
.2
F
®
(&)
S osl .
2
®
£

00 1 | | A ]

-1.80 -1.7S -170 -165 -160 -i155 -1.50

Temperature Gradient G(10”%)

'5.0
!
!
0.0
{
i
§
B
5.0
5
0.0 | -
2.0 1.5 1.0 0.5 0.0

Temperature Gradient G ( 10°%)
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ORIGINAL PAQGE 'i§

SILICON SHEET

THE POINT OF LINEAR INSTABILITY MA" BEEN DEVELOPED. CALCULATIONS
POR SILICOY UNDER SHEET GROWTH COMDITIONS WILL BE COMPLETED BY

EARI Y SPRING.

OF POOR QUALITY 100 ’
) (Y
- 8:03:0°"
2,+0.001
"
v Lo -
o
) NN
i 3.0 T 8.0 Y
b
- 0.8 p-0.8
) I s Ge1.9200°¢ oof 4
T #,20.001 Rg0 001
;
. e
‘ TTNA A AR RN »eof h
f -s0¢ E
o
~ -30 A .80 1 100 .
' 00 Y 00 oo .0 80 00 .0 0.0
L]
Progress Report
e 1. FINITE ELEMENT PROGRAM FOR IDEALIZED GROWTH INCLINED GROWTH SYSTEM
7 -1
" HAS JUST BEEW COMPLETED. RADIATIVE COUPLING BETWEEN MELT AND CRYSTAL
X SURFACES IN UNDERWAY,
: 2, PROGRAM WILL BE READY FOR COMPARISON WITH EXPERIMENTS BY 01/01/1985.
3. COUPLING OF THERMAL ‘STRESS ANALYSIS TO THERMAL-CAPILLARY MOOEL
- WILL BEGIN THIS FALL AND BE COMPLETED IM LATE SPRING.
LR FINITE RLEMENT ANALYSIS OF MICAOSCOPIC INTERFACE MORPHOLOGY EEYOND

|
!
!
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SILICON SHEET

Sum nary

FINITE ELEMENT ANALYSIS 1S BEING USED ON TWO LENGTH SCALES
TO UNDERSTAND CRYSTAL GROWTH OF THIN SILICON SHEETS.

1. THERMAL-CAPILLARY MODELS OF ENTIRE RIBBON-
GROWTH SYSTEMS. DeEMONSTRATED for EFG;
MODEL PRESENTED FOR INCLINED-MENISCUS SYSTEM.

2. NicROSCOPIC MODELING OF MORPHOLOGICAL STRUCTURE
OF MELT/SOLID INTERFACES BEYOND THE POINT OF
LINEAR INSTABILITY. THE FORMATION OF DEEP CELLS
AND DENDRITES., APPLICATION TO SILICON SYSTEM IS
UNDERWAY .
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N85-32444
HIGH-PURITY SILICCN CRYSTAL GROWTH

SOLAR ENERGY RESEARCH INSTITUTE

T. Ciszek

TECHNOLOGY

RIGH PURITY  SILICON  CRYSTAL GROWTH
INVESTIGATIONS

REPORT DATE

9/21/84

APPROACH

INVESTIGATFE CRY3TAL GROWTH PARAMATER
EFFECTS ON MINORITY CARRIER LYFETIME
AND SOLAP CELL FEFFICIENCIES USING
HIGH PURITY TECHNIQURS SUCHR AS PLOAT
ZONING (FZ).

CONTRACTOR

SOLAR ENERGY RESEARCH INSTITUTE

GOALS

® OPTIMIZE DOPANTS AND MINORITY CAR-
RIER LIFETIME IN FZ MATERIAL FOR
HIGH EFFICIENCY SILICON SOLAR CELL
APPLICATIONS .

® IMPROVE THE UNDERSTANDING OF LIFE-
TIME DEGRADATION MECHANISMS (POINT
DEFECTS, IMPURITIES, THERMAL HIS-
TORY, SURFACE EFFECTS, ETC,

® CRYSTALLOGRAPHIC DEFECT CHARACTER-
IZATION OF FLOAT-LONED AND RIBBON
CRYSTALS VIA X-RAY TOPOGRAPHY.

STATUS

CONCLUSTON OF SOLID/MELT IN~
TERFACE STUDIES,

FEASIBILITY DEMONSTRATION OF
A CRUCIBLE-FREE HORIZONTAL
RIBBON GROWTH METHCD.

GROWTH OF SILICON SHEETS BY
ESP FROM A SOLD CRUCIBLE

SOLAR CELL DA™A OBTAINED ON
COLD CRUCIBLE AND HORIZONTAL
CRUCIBLF-FREE R13BONS.

X~RAY TOPOGRAPHY USED TO EX~
AMINE DENDRITIC WEBS AND WEB
CELLS, COLD CRUCIBLE CZ, AND
FZ CRYSTALS.

MINORITY CARRIER LIFETIME
MEASUREMENT TECHNIQUES UNDER
WAY .

INITIATION OF HEAVILY DOPED,
DISLOCATION-FREE, P2 CRYSTAL
GROWTH STUDIES,
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SILICON SHEET !‘
ORIGINAL PAQE !
OF POOR QUALITY
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Growth form of a {111)-surface silicon dendrite
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SILICON SHEET

N
S
I

N
(=)
T

e 001 Directions
i o0 110 Directions

and
N
I

Size vs. time for a (100)-surface silicon sheet
P in <001> and <110> directions

Diameter (mm)
P
N
1|

o)

N N | —_ A Il n L
0 60 120 180
Time (sec)

Growth rate anisotrophy catios for a (lll)-surface !
silicon sheet in <112>/¢011> directions and for a C,
(100)-surface Si sheet in <011>/<001> directions ,

"y
o
]
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- — 1 Y H v T

b b

o N
| 1
1
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O — *
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Crucible-Free Horizontal (CFH)

Silicon-Ribbon Growth Method

R e
CRYSTAL
SHEET Z] w
j—-l.
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SILICON SHEET

£'1S
ORIGINAL PAGE
OF POOR QUALITY

e By o INSN—

oy

Cross sections of feed rods for CFH silicon
ribbon growth, Flattening of interface due
to shorting ring is seen at right.

Lapped and etched cross section of a short
CFH silicon sheet

‘r
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SILICON SHEET
S/12/8¢ 5/12.94 $/12/84 512704 5/12/84 S/12/04
CONTROL 1 CONTROL 1-2  CONTROL 1-3  CONTROL 2-1  CON.ROL ?-2  CONTROL 2-3
N0 ARC MESA DEFINED
Voc  .S73 v 573 567 v 586 v .565 v LS55 v
Ise 2.4 0 2.3 M 2.3 m 2.3 m 2.3 2.3 r0
Jsc 23.5 whzen?  23.3 sRie? 23,8 mAew? 3.1 mR/cn”  23.3 mRsem? 23.2 n5 cal
Vap 486 v 488 v MBS v 496 v 486 485 v
Imp 22w 2.2 mR 2.1 oR 2.1 mA 2.2 mA 2.2 r8
Pmax 1.1 oK 1.1 wk 1.8 wh 1.1 wd 1.2 m 1.2 m
13 .81 .81 .78 .81 £ E2
£f¢ 18.9: 2.8 % 8.2 % 12,6 % 2.5 % 12.5 %

SERI SSR DEVICE GROuP

CURRENT DENSITY (mA/sq cm)

L

CELL TEPERATRE = 25 degrees C
CELL AR = .18 sq en

——

30
Data for CZ control cells processed

25 with CFH cells in next figure
20
15

5
18 p

b
S +

b L " | S BT W

8 8.0 8.2 03 6.4 8.5 85 0.7 8.5 8.9
VOLTRGE (volts)

ORIGINAL PAGEiS
OF POOR QUALITY
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SERT SSR DEVICE GROUP

CUKRENT DENSITY (mR/sq cm)

Sl n

SN

-\.—-* - -

512784 5/12/84 s/12/4 w124
HORIZONTAL RINBON  NO ARC

LARGE -1 Lg-2 LW Lg-4
Voo SB2v .Sy .Sy SESw
Isc 2.44A 2.4 00 2.3 e 2.2 WA
Jsc 24.4 svea? 23,6 mAsen? 23,2 sfea?  22.3 sA/cel?
Vap 433 v 496 v A86 v A v
Imp 1.9e8 2.2 e 2.2 98 2.1 s
Pmax .8 oW 1.1 s 1.1 w4 1.8 oM
fF .68 .79 79 9
£4f 8.2 % 19.7 & 18.5 % 18.4 %

st

|

b

S WP

ORIGNAL PAGL i§
OF POOR QUALITY

/1204

Lg-3
—tS.SJ-v—
2.4 0A

23.5 shenl

453 v
1.9 s

SILICON SHEET

/12784

l@.. %

UL TOPRATURE = 25 degrees C
CLL AR = .10 sq e
IRRRQIRCE ~ 188 ol por sq co (CLF Losps

Data for CPR cells fabricated in
larqge-grained tregion (left side)
of cheet shown in previous photo

PP o

P 4
e 89 82 03 04 8.5 8.5

VOLTAGE (voits)

593
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SILICON SHEET

OMIGINAL PACL &
OF POOR QUALITY

RF O

Coll

0000

Ptinciple of cold Crucible melt confinement
showing instantanecus currenl directions

17-mm-wide ESP silicon sheet grown using
quartz capillary filaments
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25

Current Density (mA/cm?)
2 I

AL 'l i

0 01 02 03 ofa o.ls 06 0.7
Voltage (V)

Solar cell I/V curves for cold crucible ESP
and conventional C2Z control material

Dislocation-free silicon crystal being
pulled from a cold crucible
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SILICON SHEET

Properties of Cz Cold Crucible Crystals

* MINORITY CARRIER LIFETIME:

i 195 microsec. 1
! (<T1i>, P, ~150 OHM—CM, DF) ;
: l
T“iI * HALL MOBILITY: 295 em 2 /V—sec |
| (<100>, P, 2.6 OHM—CM, DF) |

i

|

* OXYGEN/CARBON: similar to F7 |
* GOLD CONTENT (NAA):

0.14 ppbw
* COPPER CONTENT (NAA): 15 ppbw 1

ol det ovic o v & vl ke

596
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SILICON SHEET

ORIGINAL PAQE 1S
OF POOR QUALITY,

Solar cells on a (100) dislocation-free
wafer from a cold crucible C2 crystal

Cell Measuremen! Cell No. ol Vee e FF EM.
Conditions Dl.cﬂpliop Cells (mv) (mA/cmi) (%) (%)

pry

lamps, 25°C, no CzControl 3 573(+1) 23.8(+.2) 80(+1) 10.9(+.3)
AR coating, 0.1
cm? cell area Cold Crucible 8 579(+3) 24.9(+.4) 81(£1) 11.7(+.2)

100 mW/cm?

SERI filtered CzControl 3 561(+.4) 22.9(+.1) 79.4(+.3) 10.2(t.1)
" Xenon simula-

E 100 mW/cm?, ELH >

tor 28°C, no Cold Crucible 4 568(+.7) 23.5(+.4) 78.9(+.2) 10.6(+.2)
AR coating,
0.1-cm? cell area

Cell data comparing cold crucible CZ and
conventional control CZ PV performance

597




SILICON SHEET

(220) transmission x-ray topograph of a (111)
dislocation-free cold crucible CZ wafer

(220) transmission x-ray topograph of a (100)
dislocation-free ccld crucible CZ wafer
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Enlarged detail of same topograph
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SILICON SHEET

(220) transmission x-ray topograph of a moderately stres-
sed Si dendritic web crystal showing lattice bending




SILICON SHEET

(220) transmissicn x-ray topograph of
same dendritic web, with oscillation

(220) transmicsion x-ray topograph of a
dislocation-free 0.1 ohm-cm Ga-doped
float-zoned silicon crystal wafer
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SILICON SHEET

JRIGINAL PAGL
OF POOR QUALITY

(111) transmission x-ray topograph of a <8%
efficient (111) dendritic web solar cell

.
-

('ill] transmission x-ray topograph of a >13%
efficient (111) dendritic web solar cell

601
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SILICON SHEET B

Crystal

Vi=V, ldz/ d, ]2

Schematic diagram of the float-
zoning crystal growth process
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OF POOR QUALITY
e e
| .
Float-zoning RF coil assembly
and jig for silver goldering |
r »
i
.,gq
'iﬁ' e R R R e a ot e i gy ke L o e e T
T B S S I A R I T,
m—’-—T_-._ _1_ I_l_.'-l’- |.F—_._—!'._|_ : ! : 1 II ) :- | ’ :
| r———a— - ——— — — — —_—

Spreading resistance along a diameter
of a (111), Ga doped, 0.1 ohm-cm silicon wafer.
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Apparatus for diffusion length, minority carrier ingot life-
time, and minority carrier wafer lifetime measurements

Minority carrier bulk lifetimes in the range 900-
1300 microseconds have been measured for the

S5 ohm-cm Ga-doped FZ crystals using the ASTM
photoconductive attenuation method on 1x1x2 em
samples. We have not yet been able to measure
0.1 ohm—-cm samples.
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Melvin I. Smckler
and Ronald G. Ross, Jr., Chairmen

M.I. Smokle- of JPL discussed the status of the Advanced Module
Development task, which consists of high-efficiency, low-cost module design in
support of the DOE Five-Year Research Plan module cost and efficiency goals.

M.B. Spitzer of Spire Corp. described Spire progress on the
axtrapolation of high-efficiency cell-grocesaing techniques used in the
demonstration of an 18%-efficient 4 cm“ cell to the manufacture of
53.3 cm? cells for ise in high-efficiency modules.

J.S. Griffith of JPL reviewed the history of Bloca V hipot and ground
continuity tests on modules, with details of failure modes encountered.

R.S. Sugimura and D.H. Otth of JPL reported on the results of
flammability tests of modules. A list was given of back-surface materials
available for fire-ratable modules, and work necessary to pass the Class A
burning-~brand test was outlined.

L. Wen and D.M. Berns of JPL described an improved procedure for
measuring the Nominal Operating Cell Temperature (NOCT) of modules. By
measuring module temperature relative to the temperature of a
temperature-calibrated reference plate, NOCT can be determined within a
relatively short period of time because of greatly reduced test-condition
requirements.

R.G. Ross, Jr., of JPL gave an overview of thin-film reliability and
engineering, describing the work necessary to achieve reliable design
guidelines for amorphous-silicon modules.

J. Lathrop of Clemson University discussed exploratory tests on the
reliability of amorphous-gsilicon cells as part of a program to identify
failure mechanisms of thin-film cells.

Q. Kim of JPL presented a status report on the development of techniques
for performing failure analysis on amorphous-silicon modules, with emphasis on
the use of multiple laser bandwidths in the Solar Cell Laser Scanner for
detecting cell anomalies.

R.G. Mueller of JPL reviewed reference-cell calibration activities,
providing an update on the secondary calibration method, description of two

international round robins of reference cell measurements, and a plan for
measurement system modifications to accommodate amorphous-silicon devices.

RECEDING PATE BLANK NOT FILMED
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. ADVANCED MODULE DEVELOPMENT OVERVIEW  ~
» JET PROPULSION LABORATORY :
| M.I. Smokler

’ Objective g

Development of advan.ed module designs supporting
achievement of DOE Five-Year Research Pian module
cost and efficiency goals

DOE Milestones: Crystalline-Silicon Modules

L i W St Hrchin th GO . v

o l@r_ _M_udula Paramaters For Energy Cost of
1985 12%, $100/m2 21¢/4«WH
1988 15%, $90/m?2 15¢/kWh |
: i
APPROACH ?

¢ Perform module efficiency vs cost tradeoff based on energy cost criteria
¢ Choose specific silicon technology

¢ Prepare preliminary module design

W

¢ Awerd module contracts
¢ Conduct module reliability investigation
¢ Specify final module design

¢ Develop prototype module

- )RECEDING PAGE BLANK NOT FILMLD
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Efficiency-Cost Tradeoff: Initial Results
21 ¢/kWh goal more likely to be achieved by
exceeding 12% module efficiency, based on:
Sensitivity of efficiency/cost tradeoff
ilodule efficiency predictions
Module cost models:
Fioat-zone ingot

Dendritic-web ribbon

Completed Activities

Decision made: focus on both float-zone and dendritic-web silicon

Preliminary module packaging configuration szlected:
glass/EVA/plastic fi'm

Contract issued to Spire for high-efficiency modules

Pracurement plan initiated for dendritic-web modules

Spire Corp. Contract

e Deliverables:
53-cm2 float-zone cells for evaluation
84-cell modules for evaluation
12-ceil modulcs for reliability investigation

e Module effic.cncy goals:
At 25°C: 12.6%
At NOCT: 11.5%

e Major problem:
Supply of float-zone wafers

610




MODULE DEVELOPMENT AND ENGINEERING SCIENCES

FY85 Schedule

Delivery of sample FZ 84-cell module 10/84

Delivery of FZ 84-cell modules for qualification test 5/85

Delivery of FZ 12-cell modules for reliability tests 6/85

Initiate reliability tests on FZ modules . 7/85

Delivery of dendritic-web modules for reliability tests 8/85

Initiate reliability tests on dendritic-web modules 9/85
611
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STATUS OF HIGH-EFFICIENCY MODULE
DESIGN AND FABRICATION

SPIRE CORP.
M.B. Spitzer

Objective f

FABRICATION OF HIGH EFFICIENCY MODULES

(n>13% at NOCT) WITH EMPHASIS ON REDUCED
OPERATING TEMPERATURE.

|
REDUCTION OF NOCT IMPROVES BOTH }
EFFICIENCY AND MODULE LIFETIME. :
H
Cell Design :
Tioz Ti-Pd-Ag o
Si02 \ i ‘
e s e — — — T - - - — — — — — 0.2 ym !
T T ,;
P —> N
500 pm P =15 ocm ok
Lp™200 ym [
.J_p*—>5.~—,———,_*“.—.—-',"-———.——-,-'.- ’,
i N .
Al-Ti-Pd-Ag '
@ Al USED FOR BSR
@ SiO2 USED TO PASSIVATE SURFACE
® p* SIMPLE OHMIC CONTACT (NOT BSF)
@ NO EDGE PASSIVATION USED
PRECEDING PAGE BLANK NOT FILMED
X
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

R Hlustration of the Cell Design

¥ 73

: ¥ 3;!"‘ P!

R I PR
s bl

fe——— 73 mm ——

mm

CELL AREA: 53.04 cm?
SHADOW LOSS: 5%
LINE WIDTH: 20 um

100

REFLECTANCE (%)

POLISHED BACK WITH SiO2 P

-

fm = 7 ——— ]

POLISHED BACK

— — c—
—

—
—

——
-~ ETCHED BACK

FRONTS POLISHED
AND AR-COATED

Al ON BACKS

900 1000 1100 1200 1300 1400 1500 1600 1700 IB:OO

WAVELENGTH (nanometers)
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

100 ‘

FRONTS TEXTURED
20  AND AR-COATED

Al ON BACKS

701

60+

q0t

REFLECTANCE (%)
3

POLISHED BACK

A ik

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 !

WAVELENGTH (nanometers)

Summary of Reflectance Data |

SURFACES BACK R R B
FRONT BACK METAL DIELECTRIC (1200 nm) (1400 nm)
POL POL Al SILOX 0.90 0.94
POL POL Al NONE 0.92 0.90
POL POL Ti SILOX 0.55 0.28
POL POL Ti NONE 0.30 0.22
TEX POL Al SILOX 0.41 0.39
TEX POL Al NONE 0.22 0.24
TEX TEX Al SILOX 0.36 0.34
TEX TEX Al NONE 0.12 0.13
615
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REFLECTANCE (%)

100
90 CELL '311-9 |
80 4
70 1
60
50 1
40
30
20
10 T
ol o N .
400 600 800 1000 1200 1400 1600 180
WAVELENGTH (nanometers)
10 Y
1/
CELL 4511-9 / Rg=17 ma
Voc = 604 mV
1o} Jsc = 33.6 mA/cm?
EF=77.2
Eft = 158%
. ouf
N
[
Z
ul
e
o
3]
00!
0.001 |
AREA = 53 ¢cm?
T=28C
L 1 J 1 L. %
(o] 0.2 0.4 06 0.8 1.0
VOLTAGE (V)
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Performance Data for 10 Deliverable Celis

o m——

R S

b e AR €Oy W Sy 7 T e e

Voo Jsc FF EFF

CELL (mv) (mA/cm2) (%) (%)
1 607 33.5 748 152
2 804 33.3 768  15.4
3 604 33.4 744 150
4 607 33.2 776 156
5 604 33.3 782 157
6 604 33.0 773 154
7 607 33.4 768 156
8 609 33.5 773 158
9 609 33.6 772 158
10 601 33.7 769 156

NOTES: INSOLATION WAS AM1.5, 100 mW/cm2. T=28'C.

AREA=53 cmZ2

Possible Efficiency-Improving Features

@ TEXTURE SURFACES - INCREASES Jgc BUT
ALSO RAISES NOCT.

@ THINNER WAFER

@ REDUCE RESISTIVITY - REDUCES Jog BUT ALSO Jg¢.

- REDUCES Jop BUT ALSO
REDUCES YIELD.
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Q
6 A
SOLDER
JOINTS
x
CORRUGATED
FOR STRESS
RELIEF

N\ <’
\ £ \
SOLDER
yH ”% JOINTS
EPDM GASKET
au:vL ETDGE INTERCONNECT
SEALAN RIBBON GLASS
STAINLESS || == 3\ \
STEEL
STEEL J ] . EVA POTTANT
SOLAR CELL
{ BUS RIBBON FIBERGLASS SPACER
EMBEDDED IN EVA
N PVF/ALUMINUM/PVF
: BACK COVER
ORIGINAL PAGE 'S
OF POOR QUALITY
; va > y ya L L - |
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N85-32447%
MODULE HIPOT AND GROUND CONTINUITY
TEST RESULTS

JET PROPULSION LABORATORY
John S. Griffith

Hipot (high voltage potential) and module frame continuity tests are
important parts of determining the suitablility of solar modules for deployment
into large arrays for electric power production. Since field srrays operate
at hundreds of volts above (or below) ground pctential at some point in the
field, it is necessary to ensure adequate voltage isolation of the solar cell
circuits. This subject is discussed in this presentation as outlined in
Figure 1. The discussion is based on test procedures used at the Jet
Propulsion Laboratory and as given in JPL Internal Documents Nos. 5101-161 and
5101-162,

The purpose of hipot and continuity testing (Figure 2) is to reveal
potentially hazardous voltage conditions of modules before field installation.
It also reveals leakage currents that potentially may result in significant
loss of power or cause ground-fault system problems. The tests reveal first
the current leakage potential and second how the leakage or hazardous voltages
will be distributed. Notice the word “potentially" ig used in all cases. If
the hipot current leakage is a few microamperes too high or the frame
continuity a few milliohms too high, one can't say that the module would be an
immediate catastrophe i1f mounted in an array. However, the tests generally do
indicate any weaknesses in the design that are potentially hazardous and need
to be corrected. In the last few years, hipot and continuity tests have
resulted in the highest failure rates of any measurements we make.

The hipot test procedure described in Figure 3 will be discussed first.
Figure 4 shows typical equipment uscd. The Hipotronics HD115 tester supplies
the needed voltage and measures the current leakage. The polyurethane boards
shown in Figure 4 help isolate the lead wires and reduce any spurious current
leakage external to the module.

The next several figures show some of the problems that arise in hipot
and continuity testing. .

The zinc-based feedthrough connector shown in Figure 5 and at the left
slde of Figure 6 had very low current leakage (0.6 pA) but corroded badly in
the Block V humidity-freeze test. The module manufacturer substituted the
stainless feedthrough shown at the right in Figure 6, containing what appeared
to be the same internal rubber pottant. However, the latter passed 60 A of
current, resulting in hipot test failure in the connector alone. A minor

change in the additives in the rubber caused the excessive leakage.

Figure 7 shows the back side of a simulated roof section holding a
module laminate. The galvanized drip troughs around the glass laminate shown
in Figure 7 and 8 were unconnected and required bonding wires (Figure 7). The
module failed hipot because the black rubber gasket around the laminate was
slightly conductive.

619
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Polyvinyl butyral is a popular encapsulant and gen=rally has adequate
dielectric strength at room temperature to pass the hipot test. However,
leakage increases by about 400 times at hot-day field temperatures
(Figure 9). If high ground-fault currents might be a problem in a particular
large array, wodules should undergo leakage tests a. elevated temperatures.

The continuity test used at JPL is discussed next, with illustrations in
Figures 10 through 15. As shown in Figure 10, the JPL Block IV tests required
a continuity test between metal components of the module frame with a
50-milliohm upper limit. Block V required a continuity test but without a
stated limit. At first the same value was used as had been used for Block
IV: 50 milliohms. Recently, a high-current continuity test was adopted.
Current is passed through the module frame at a level of twice the
short-circuit current. Maximum voltage drop permissible is 1 volt from the
beginning of the test through a twe-minute hold period. This high-current
test was based on an interim report of a JPL-Underwriters Lab study. The
final report, UL 1703, is the same test except that it calls for only a 1/2
volt drop.

Figure 11 shows the relationship between these tests. The module
milliohm resistance is plotted against module short-circuit current. The
milliohmmeter test used in Block IV and early Block V was independent of
module current., The more recent tests appear as slanting straight lines on
log paper. At high module currents the old test was easier to pass and vice
versa for low module currents. This comparison assumes that high current will
not burn out or weld together point contacts at the joints and that the basic
frame resistance remains unchanged.

Figure 12 shcws a continuity test setup using a Simpson Model 1699
milliohmmeter. Sometimes the resistance is greater than the imnstrument's
50-ohm full scale limit. A Fluke 8060AS multimeter shown at the left is used
for resistance levels above 50 ohms. Most of the testing done in the past was
done using the milliohmmeter and the data presented here was all obtained that

-

way. In the photograph this module shows good continuity with approximately A
zero resistance. However, in Figure 13, modest forces are being applied to )
the corner, resulting in a reading on the next meter scale of more than 3 .

100 milliohms, a continuity test failure. At JPL the test is ordinarily run 'kﬁ

with and without “handling forces"” applied.

Figure 14 shows the test setup for the newer high-current continuity
test. The power supply provides current to the module, generally through the
precision shunt shown here. The dial gauges are only coarse indicators but :
now, at low voltage and high current, digital voltmeters are used to give
precise values.

(1t At B s =

Notice the heavy battery clamps and lead wires. The photo shows the
small voltage leads attached improperly. The contac: resistence of the
battery clamps are frequently 10-15 milliohms. A mcdule with high
short-circuit current through this contact resistanc> will produce a false
high voltage and apparent failure. he proper way to attach the leads 1s to
the polished metal frame close to the large clamps.

X
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Figure 15 shows a portion of a two-piece, U-shaped metsl frame joined by
a riveted joint at each end of the module. The rivets seemed to be well
installed and tight. Behind the flange is an ordinary imspection mirror
showing the small metal clip that serves to hold the two piecuvs together.
Unbelievably, these two parallel joints showed a combined r_sistance of over
200 megohms.

g The results of the testing are shown in Figures 16-19. For the

. approximately 250 individual modules in Figure 16, initially 10X and 12%

3| failed hipot and continuity, respectively. All of these didn't complete

” environmental tests, so there is a smaller population for final tests. 16%

and 31X failed final tests, respectively. For the data on sets of modules, in
Figure 17, one faflure per set is considered a faflure of the whole set.

For the sets there was initially a 26X failure in hipot and 9% in
continuity. After environmental test.ng, tl.se failures went to 36X, The
last two columns take the most critical viewpoint. If we use the criterion
i that any failure of hipot or continuity, either before or after environmental
' exposure, causes the set to fail, there was a 69% failure rate. In spite cf
these gloomy statistics, most of these problems could be fixed easily. A
little more care in fabrication, keeping the bus bars and other conductors a
little farther from the frames, better metal joining, etc., would lower the
failure rates significantly.

Figure 18 shows the voltages at failure of individual modules.
Initially, the clear bars show that relatively few modules failed unt. the
1000-2000 V range was reached. More than half of all modules that fu_.ed did
s0 in this range below 2000 V. After environmental tests the voltage at
failure rises, with one failing below 500 V but a considerable number getting
to 3000 V only to fail in less than one minute.

) N * - [
+ . ‘c P
¢ e s i e e b v ahtturaim —dut | | wew ¥

Figure 19 shows the resistance in ohms at failure. Initially, there
wvere more failures at mure than one ohm than at less than one ohm. After
environmental testing the situation was reversed. The right side of Figure 19
is distorted. Initially, high resistance was read simply as “greater than
50 ohma.” Later, the digital chmmeter was used showing that most of these
"greater than 50 ohms" were probably “greater than 10 megohms.” Therefore,
these two bars should be considered ipr the same group. Notice there are no
readings between 10 and 50 ohms and, prob.bly, nothing between 10 ohms and
several negohms.
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Figure 1. Contents

® PURPOSE OF HIPOT AND CONTINUITY TESTING
©® HIPOT TESTING - EQUIPMENT, PROCEDURES, PROBLEMS
® CONTINUITY TESTING - EQUIPMENT, PROCEDURES, PROBLEMS

® 0.0 AND NEW PROCEDURES - MILLIOHMMETER VS HIGH CURRENT
® RESULTS OF RECENT TESTS

Figure 2. Purpose of Hipot and Continuity Testing

o REVEAL POTENTIALLY HAZARDOUS VOLTAGE CONDITIONS OF INSTALLED MODULES

® REVEAL LEAKAGE CURRENTS THAT POTENTIALLY MAY RESULT IN SIGNIFICANT !
OF POWER OR CAUSE GROUND FAULT SYSTEM PROBLEMS

~

® REVEAL BY THESE TWO [ESTS FIRST, THE CURRENT LEAKAGE POTENTIAL AND SECOND,
HOW THE LEAKAGE OR VOLTAGES WILL BE DISTRIBUTED.

Figure 3. Hipot Test

® AFPLY DC VOLTAGE AT A RATE NOT TO EXCEED 500 V/SEC TO 3000V, BOTH .
POLARITIES, BETWEEN THE MODULE CELL STRING AND THE METAL FRAME !
AND HOLD FOR ONE MINUTE. "

® LEAKAGE 1S LIMITED TO 50 #A WITH NO SIGNS OF ARCING OR FLASHOVER.
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Figure 4. Hipot Test Setup

ORIGINAL PAGE 8
OF POOR QUALITY
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MODULE DEVELOPMENT AND ENGINCERING SCIENCES :
Figure G. Zinc Alloy and Stainless Feedthroughs

\ ORIGINAL PAGE S
OF POCR QUALITY

.

Figure 7. Module in Simulated Roof Section
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Figure 8. Roof Drip Troughs and Module Gasket

ORIGINAL PAQGE IS
OF POOR QUALITY

©
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Figure 9. Dc Leakage Current vs Temperature and Voltage
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1
Figure 10. Continuity Test
® BLOCK IV: 50 MILLIOHMS MAX RESISTANCE BETWEEN METAL COMPONENTS OF

THE MODULE FRAME.

@ BLOCK V:  CONTINUITY TEST WAS REQUIRED BUT THE TEST VALUES WERE ]
UNDEFINED UNTIL RECENTLY. '

® EARLY ON - SAME LIMITS WERE USED AS FOR BLOCK IV: 50 MILLIOHMS.

® LATELY - APPLY CURRENT FROM ZERO TO TWICE THE SHORT CIRCUIT CURRENT
IN FIVE SECONDS BETWEEN GROUND AND THE OTHER METAL COMPONENTS f
AND HOLD FOR TWO MINUTES. MAXIMUM VOLTAGE DROP IS ONE VOLT.

e UL 1703 —~ALSO TWICE THE SHORT CIRCUIT CURRENT BUT MAX|MUM VOLTAGE .
DROP ALLOWED 1S 1/2 VOLT. 1

Figure 11. Continuity Test: Various Test Limits
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Figure 12. Continuity Test Setup ORIGINAL PaQr-sS
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Figure 14. High-Current Continuity Test

~ HIGH _ |
VOLTAGE,
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’ !
= Figure 16. Results of Hipot and Continuity Tests !
, 1 for Individual Modules

4

!
INITIAL TESTS FINAL TESTS

5 NUMBER | PERCENT | NUMBER | PERCENT

. TESTED | FAILED TESTED | FAILED

3 HIPOT 280 10 192 16

N CONTINUITY 238 12 149 3]

2

. Figure 17. Results of Hipot and Continuity Tests

1’ for Sets of Modules

J
o SETS THAT

FAILED ONE OF
3 INITIAL TESTS FINAL TESTS THE FOUR TESTS
i NUMBER | PERCENT | NUMBER | PERCENT | NUMBER | PERCENT
; TESTED | FAILED | TESTED | FAILED | OF SETS | FAILED
. HIPOT 35 2 36 3
a] 69 i
: CONTINUITY 33 9 28 43
; *A SET OF MODULES |S A GROUP OF MODULES OF THE SAME TYPE FROM A
- MANUFACTURER AND AVERAGES EIGHT IN NUMBER .

i

i
¥
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Figure 18. Voltage at Failure: Hipot Test

15+
INITIAL TEST
10f FINAL TEST
NUMBER
OF
MODULES
, /
ﬂ 1 f f r‘///
0-500 500-1000 1000-2000 2000-3000 <1min
VOLTAGE AT FAILURE, V 63000
Figure 19. Resistance at Failure: Continuity Test
15
:’ INITIAL TEST
7| FINAL TEST
10 7
NUMBER “ %
* %
MODULES ] %
S._
2 || 7
/ 7
a1l 7

O5-12 1-102  >500 >}
RES ISTANCE AT FAILURE
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES
Figure 20. Summary

@ HIPOT AND CONTINUITY TESTS HAVE CLEARLY DEFINED LIMITS FOR PASS-FAIL
IN JPL PROCEDURES

¢ CONTINUITY LIMITS FOR BLOCK V TESTS ARE DERIVED FROM UNDERWRITERS
LABORATORY STUDIES

@ THESE TESTS RESULT IN MANY FAILED MODULES. A MAJORITY OF THE MODULE
DESIGNS FAIL IF THE CRITERION OF ONE FAILURE PER SET OF EIGHT IS USED

@ A MAJORITY OF THE FAILURES CAN BE PREVENTED BY SIMPLE CHANGES N
DESIGN OR MODULE PROCESS ING

631
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PHOTOVOLTAIC MODULE SPREAD-QF-FLAME TESTING
JET PROPULSION LABORATORY

R.S. Sugimura
D.H. Otth

ARCO SOLAR, INC.
J.C. Amett

Objective

. Develop the technology base required to construct fire-ratable
modules

¢ Evaluate the flammability of existing module designs
¢ |dentify module design features that control flammability

¢ Identify improved construction concepts and materials that achieve
Class A fire-resistance characteristics

¢
Approach ;
]
TEST AND TECHNOLOGY
DESIGN FABRICATE MEASURE _ BASEFOR
REQUIREMENTS —’@_’ MODULES " FLAMMABILITY * FIRE.RATABLES
) PERFORMANCE PV MODULES
* UL1703 o ARCO SOLAR INC. o PASSIFALL p
e UL-790 o SOLAVOLT INT. o BACK-SURFACE e
o SOLENERGY CORP. TEMPERATURES
-
PROPOSE NEW Fuaxmmv t
MATERIALS AND o
CONSTRUCTION FALURE  Fe— ‘
IMPROVEMENTS MECHANISMS
AND PROCESSES
o GILA RIVER PRODUCTS  ® VIDEO CASSETTE ‘
o HITCO MATERIALS DIV RECORDINGS
o 3M CO. © 35 mm PHOTOS
e DU PONT CO.
o ENERGY SAVERS
OF NEW MEXICD
PRECEDING PAGE BLANK NOT FILMFD ; N
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Lessons Learned From Class B Burning-Brand Tests

®  Module integrity is difficult to maintain
s Glass shatters due to thermal stress
s Hydrocarbon encapsulants are highly flammable

o Test failures result from penetration of back-surface material;

key failure mechanisms of the back surface include:
e Melting (Tedlar)
e Ripping (Kapton)
o Porosity (fiberglass cloth)

s Most promising approach is to improve back-surface integrity

¢ Synergisms exist between back-surface materials and module
configuration

New Back-Surface Constructions Being Assessed

g

4

Cost,
Material Description Adhesive®| Configuration®® |  $/ft2
Kapton (2 mils) PS Add-on 1.05
Kapton (2 mils) - Alternative 1.05
Kapton (3 mils) PS Add-on 1.81
Kapton (3 mils) - Alternative 1.81
Thermoseal mica plate (15 mils) - Add-on 0.37
Fiberglass - silicone rubber (one side) - Alternative 0.95
fFiberglass - neoprens rubber (one side) - Alternative 0.83
Fiberglass - nsoprene rubber (two sides) - Altsrnative 0.52
T (1% mils) - P (5 mils) - black EVA {4%) - Alternative 0.60

*PS - pressure sensitive
**Add-on - material added to T-P-T; al. "native - material repiaces T-P-T
634
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Module Back-Surface Temperature History:
Spread-of-Flame and Burning-Brand Tests

T-P- T/Kapton (2 muls)/PS

b DA, F NGO s . )

3,: MODULE DEVELOPMENT AND ENGINEERING SCIENCES

) Tests for Fire Resistance of Roof-Covering

: Materials UL-790

’ Fire

o Rating Sprond-of -Flame Tost Burning-Srand Tast

;, Allowable Appreximate

- Flome Flome Srond Posk

Flome Apphisation Sprend Srond Igaition Module
Tomparaturs, °F Time, mia Distance, ft Size, in. Tomperaturs, °F Tomporsturs, °F

! Class A 1400 10 < 12x12x2% 1830 1900
Class 8 1400 10 <8 Sx6x2% 1830 1490

- Class € 1300 ‘ <13 ¥ - 1% 1 26032 - -

r'-——r’"““ T N 1 T A —4/'—"——‘
900 -~ CLASS B
BURNING BR 1NU
800 ¢
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[ 600"
&
=
& 500} \
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\
300} AN
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2 3§ 23 8% \ B
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Flammability Test Summatry

Test Pasuits® )
Flame | B Brand | A Brand |
T-P-T/Kapton (2 mils); PS** ® ® )
. K-P-T/Kapton (2 mils); TS** S
¢ T-P-T/Kapton (3 mils); PS ° o
: Kapton (2 miis)
Kapton {3 mils)
T-P-T/tiberglass - fins-woven (stabilized); TS
T-P-T/fiberglass - fine-woven (stabilized); PS
Fiberglass - fine-woven (stabilized)
' Fiberglass - silicon rubber (one-side)
; Fiberglass - ne prene rubber (onc-3ide)
Fiberglass - neoprene rubber {two-sides)
T-P-T/thsrmogeal mica plate (15 mii;)
T (1% mils) - P (5 mils) - black EVA (4%)
Aluminum foil (3 mils) in four-layer laminaie
T-P-Tistainless steel foil (2 mils); PS 9 (

*® - Pass; O- Fail
**PS - prassure sensitive adhesive; TS - thurmoset adhesive

Moruie Back-Cover Configuration
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Module Back-Surface Temperature History:
Class A and Class B Burning-Brand Tests

T-P-T/Kapton {2 mil)/PS

1600 1 T 7T T T T T T T T T T
800 -
200} /\ i
Fa0f N\ =
< 500} / / ™ n
wi A Y
g \ :
: 500 L \ - '
3 \ :
S = \ '
£ \ ;
00 <= \ -
7] 5 \1
=
. S = * .
b w 23 3 =~ :
100 vl Z2 52 =zZo \ -
| 35 = 585 S8% \ !
ol 1 L [ [ | 1 : | i 1, 1 :
0 1 2 3 4 5 6 7 8 9 w0 n 15
TIME, min
.
Summary !
e Candidate back-surface materials are available for Class B
fire-ratable modules (¥4 3
e T-P-T/Kapton (2 mils)/PS Y
¢ Fibergiass-silicone {(one side) ’
» Fiberglass-neoprene (one side) ,’
¢ Aluminum fuil (3 mils) in four-layer laminate
o Stainless ste.l foil (2 mils) ,
. . i
e Class A burning-brand test is inuch more severe than the .
Class B burning-brand test :
'
¢ Additional innovative materials needed to pass Class A burning-brand 3
test j
I
|
i
1
! .
: \‘
N
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Future Work

Charactarize temperature-time history of Class A burning-brand
and conduct exploratory tests of candidate Class A moduls
constructions

® Gila River Products - proprietary material

o HITCO Materials Division - Refrasil, proprietary material

Assess fire-test impact on module edges and array joints

Assess applicability of UL-790 to other rooftop installation methods

638
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N85-32449
IMPROVED NOMINAL OPERATING CELL
TEMPERATURE (NOCT) TEST PROCEDURE

JET PROPULSICN LABORATORY

L. Wen
D. Berns

Objective

» Understand causes of data scatter in currently used NOCT
evaluation proceaures

¢ Develop procedure modifications as required to reduce
scatter and NOCT test costs

Nominal Operating Cell Temperature

» Significance
» A direct measure of module thermal design
» Representative temperature for average
environmental conditions in the United States
® Applications
& Prediction of array energy production

o Lifetime assessment

o Definition

o Open circuit

» QOpen-back rack mount

» Nominal thermal environment (NTE)
— Effective insolation = 80 mW/cm?
— Ambient temperature = 20°C

— Average wind speed = 1 m/s

® Principle

o Temperature differencs is largely a function
of insolation

‘(Tc-—Ta)=m.S$S

639
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MODULE DEVELOPMENT AND ENGINLERING SCIENCES

Current NOCT Test Procedure

® Adjustable tilt angle

@ Detailed instrumentation

4 ¢ High sampling rate
! (two to four measurements/minute)

Current NOCT Evaluation Procedures

) e
e GNTN S e R

e Conventional evaluation

® Run tests for one or two days with suitable weather

RN
Tt ey TR T

e Select data points that satisfy wind-level screening
criteria

¢ Determine average value using all valid data points

* Apply correction factors for wind and air temperature

ST
4.“_,."“.»-.-«-4-«

¢ Alternative evaluation
® Run daily tests over extended period (months)

* Select data from days with suitable 10-minute {calm-
air) periods

¢ Datermine one NOCT for cach day (10-minute period)

® Determine NOCT as average for selected test days

Discussion

® Both evaluation procedures contain significant scatter
® C _tter attributed to two factors

® Secondary test envi:onments are not controlled

— Sky radiation

. e o

— Ground reflection
— Ground emission
- Tiit angle

® Steady-state analysis ignores transient thermal effects

640
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Proposed NOCT Refinements

o Define NOCT for particular secondary NTE conditions

Atmospheric radiation: clear sky
Ground reflection: 10% of insolation level

Ground emission: from 30°C grcund temperature,
effective emittance of 0.8

Effective wind direction: 135° from north

Module tilt angle: 30° from the horizon

o Measure module temperature reiative to calibrated reference

plate

Painted aluminum piate (front-black, back-whits), Bostic
paint

Plate temperat..;e calibrated under refined NTE is
48.3°C

Level of AT, (T cell-T plate) is approximately constant

NCCT = 48.3°C + AT

Proposed Test Setup and Conditicns

® Test set-up

[

Module and reference plates subjectec to the same test
environments

Two reference plates; refinished surface coating at
staggered 6-month intervals

o Test conditions

Minimal constraints on wind
Minimal constraints on air temperature

Minimal constraints on secondary test environment
conditions

insolation level higher than 60 mW/cm2
3 to 4 hours test duration around soiar noon
307 tilt
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Propused Test and Evaluation Procedure

e Data collection

Module and test plate temperatures
Relative temperature accuracy: 0.5°C
Measurement frequency approximately one per minute

Approximate insolation level

o Data processing
o Average cell-plate AT over selected time interval

¢ Interval to have initial and final temperatures
within 0.2°C (for all thermocouples)

¢ Interval length to be longer than 40 minutes

e NOCT = 48.3°C + average AT

Conclusions

* Proposed procedure offers improved

e Simplicity
— Does not require long-term testing
— Does not require sophisticated wind and
irradiance instrumentation
— No data screening judgment or tedious
corrections
— Broader test window

* Accuracy
— Excellent repeatability (accuracy depends on
temperature error)
— Some discoloration of reference plate over
one-year field exposure. but no meas.irable
change in calibration temperature

» Requires additional demonstrations

642
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THIN-FILM RELIABILITY AND ENGINEERING OVERVIEW

JET PROPULSION LABORATORY
R.G. Ross, Jr.

Scope

o Development of the reliability and engineering technology
base required for thin-film modules

e Emphasis on amorphous-silicon

e Emphasis on module and array-level issues

e De-emphasis of cell-intrinsic reliability issues such as
light-induced effects

¢ Closely coordinated with SERI’s thin-film cell research
activities as a part of DOE's Amorphous Silicon Program,
managed by Ed Sabisky

Thin-Film Differences Requiring New or Expanded Research

* New cell environmental durability (temperature/humidity/UV) ,
failure modes

Altered hot-spot heating failure mechanisms

Short-circuit cell failure modes and effect on cell size and ;
serigs/parallel redundancy
]

New cell electrical interconnect failure modes

Altered glass breaking strength

Flexible substrate technology demands
e High cell stresses due to glass oending

* Non-linear electrical response and effect on module
measurement

e Cell-to-cell electrical variability and effect on electrical
mismatch and circuit design

643 \
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R&ES Crystalline-Si Research Applicability
to Thin-Film Modules

e Circuit reliability model development

¢ Interconnect mechanical fatigue

* Electrical insulation breakdown research

¢ Glass-fracture mechanics

¢ Cell-fracture mechanics

* Cell temperature/humidity endurance (Clemson)
¢ Module temperature/humidity endurance (Wyle)
¢ Module hail-impact resistance

¢ Optical-surface soiling

¢ Electrochemical corrosion

e Encapsulant photo-thermal degradation

¢ Encapsulant debonding

¢ Hot-spot heating

¢ Bypass diode integration studies (GF)

¢ Module flammability ar.d arcing researc: (UL)

@ = generally applicable, O = significant changes

FY85 R&ES Thin-Film Research Thrusts

¢ Temperature-humidity reliability research
¢ Glass breaking strength research

* Point defect system analysis

¢ Hot-spot heating assessmunt

* Electrical measurements technology development

644
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Temperature-Humidity Reliability Research

* Objective
e Assess stability of G.-Si cells in T/H environments
¢ Assess requirements for encapsulation

o Status
e |nitial @-Si cell samples acquired (ARCO, Sanyo, Chronar)

¢ Additional samples procurements underway (Hughes and
Chronar)

o Exploratory tests initiated at Clemson

Glass Breaking-Strength Research

¢ Objective
¢ Determine breaking strength versus a-Si processing
¢ Assess need for glass strength enhancement
e Develop glass strength enhancement techniques
¢ Develop glass support technicues

e Status

e FY 1985 start, building on extensive experience with
glass on crystalline-Si modules

¢ Tin-oxide-coated glass samples acquired from Chronar
for test

Point-Defect System Analysis

¢ Objective
¢ Assess present areal density levels of defects
* Assess economic penalty/allowable lavels for defects

¢ Datermine optimum cel! interconnection/geometry to
minimize impact

e Status

e Computer program operational for computing system
power loss due to . - orted cells

o Laser scanner being modified to allow defect mepping

645
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Hot-Spot Heating Assessment

* Objective

e Establish susceptability of a-Si cells to hot-spot
phenomena

¢ Establish bypass diode recommendations for modules

e Status

" e Just initiated

% Electrical Measurements Technology Development

* Obiective

R | ¢ Establish means for accurate repeatable mossurement
of electrical |-V performance of a -Si cells and modules

e Status

e Filters identified to convert LAPSS to AM 1.5 global

% ¢ LAPSS veritied as appropriate light source
]
: spectrum

e Filters identified to alter crystalline-Si spectral response
to provide reterence cells for a-Si

Research Forum on Reliability and Engineering
of Thin-Film Modules (San Diego, Feb. 18-20, 1985)

Focus: Reliability and performance issues refate.
integrating a-Si cells into power modules, inclu - 4 &
review of current status, ide; ¢ fication ot proble . - .as, 8
definition of needed ressarci.
Tentative Agenda

s Cell performance overvisw

* Module reliability considerations

* Module performance considerations

¢ Electrical performance measurement

646
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ACCELERATED STRESS FACTORS AND
FAILURE/DEGRADATIG MECHANISMS
IN TERRESTRIAL SOLAR CELLS

CLEMSON UN"ERSITY

Jay W. Lathrop

REPEATABILITY

— ERROR 1% ?
ELECTRICAL ELECTRICAL
MEASUREMENT / MEASUREMENT

oTRESb

INSPEC INSPECTION

ELECTRICAL PARAMETERS

v.t ll‘ Rl vl ‘,. Pll
INSPECTION !
LOW POWER MAGNIFICATION ;
PHOTOGRAPHY .

Pianned Development of Amorphous-Cell
Accelerated Test Measurement Instrumentation

PNASE 1 PHASE 2 PHASE )
ADDED UV
4-LAMP ELH 11-~LANP ELH 11-LAIP ELH
4-IHCH DIAM 12-INCH SQR 12-1INCK 3QR
LIGHT SOURCE ] AC AC
SHUTTERED SKUTTERED SHUTTERED
CONTINUOUS
LIFFUSER DIFFUSER
REFIRENCE CELL CINVENTIONAL SIMULATED SINULATED
SILICUN CELL AMORPHOUS AMORFHO'S
ELECTRICAL KELVIN METAL KELVIN LINEAR KELVIN LINEAX
CONNECTION PROBE ELASTIC + A'TIC
CONTROLLED COWTROLLED CONTROLLED
TUAPERATURE AIR FLOW AlR FLOV ALR FLOW
CONTROL SOTTWARE
coxrgction
POWEP QUAD POYER QUAD POWER QUAD
CHARACTERIST!C FAR-FORWARD FAR-FORWARD
REVERSE
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11-Lamp ELH Soiar Simulator

22"

O

&0

O

O
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Timing of Measurements When Ac Light Source Is Used

Quipul ot
test cely

output ol
sensing cel!

— — —

V = one~sun

tm tm
'———-.,] m;gc——.i
Im = time 3 measurement s taken
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Crystalline Silicon Cell: Dc Analysis
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Crystalline Silicon Cell: Ac Analysis
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Intensity Monitcr.ng and Adjustment

ELH SOLAR
SIMULATOR
o 0o 0o o0
y.
AP 16 LINES © 000
CONVERTER < . 00 o o
Y
o 0o 0o
PHOTO
DIODE
ARRAY
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COMPUTER
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Simulated Amorphous Reference Cell
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FAILURE ANALYSIS OF THIN-FILM
AMORPHOUS-SILICON SOLAR-CELL MODULES
JET PROPULSION LABORATORY
Q. Kim
Failure Analysis

PuRPOSE

0 PROVIDE INFORMATION AKD DATA FOR APPROPRIATE CORRECTIVE ACTION THAT
CAN RESULT IN IMPROVEMENTS IN PRODUCT QUALITY AND RELIABILITY,

APPROACKES :
0 EXPAND EXISTING TECHNIOQUES AND CAPABILITY IN ORDER TO EVALUATE AND
CHARACTERIZE DEGRADATIONAL PERFORMANCE OF A~S! SOLAR CELLS.

0 [NVESTIGATE IN DEPTH MICROSCOPIC AND MACROSCOPIC DEFECTS AND FLAWS
THAT S1GMIFICANTLY CONTRIBUTE TO PERFORMANCE DEGRADATION.

0 DEVELOP NEW ANALYTICAL TECHNIQUES.
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State of the Art of «-Si Solar Cells

TABLE 1. PERFORMANCE OF BEST REPORTED S INGLE JUNCTION p-i-n
AMORPHOUS SILICON SOLAR CELLS

v J FF JFF. AREA
ot ¢ o 2
STRUCTURE mv  mAlcm % % cm
GLASS /TCO/p (a-SiC:H) = i - n (a-Si:H) IMe 10.1 1.9 RCA
p-i-n 836 16.17 66.0 9.2 0.05 ECD

GLASS /TCO/p (a-SIC:H) = | - n (a-SEHI/Me 845 13.03 4.0 Bl "o4 SANYO
GLASS/TCO/p (a-SIC:H) - | - n (a-SLHI/Me 380 .21 60.0 8.04 0,033 OSAKA
GLASS /TCO/p (a-SiC:H) = | - n (a-SLH)/Me 832 14.00 61.6 .81 109 RCA

fCO/n (mC-Si) - | - p (a-SEH)ISS 860 13.90 65.2 7.80 L20 FUJl
GLASS ITCO/p (a-SiC:H) - | - n (a-SkHI/Me 900 14,60 8.0 .62 009 SUMITOMO
TCO/n (mC-Si) - | = p (a-SiH}/SS 889 13.80 60.0 3% 009 TELJIN
TCO/n - | - p (a-Sk:H) /Me 839 13.80 64.0 1.40  0.06 S IEMENS
BEST INDIVIDUAL PARAMETERS 950 16.70 14.C (1L70)

» HIGH CONVERSION EFFICIENCY: 1.4 - 1L7%
o DIFFERENT DEVICE STRUCTURES: p-i-n
n-i-p

o DIFFERENT FABRICATION PROCESS: GLOW DISCHARGE
REACTIVE SPUTIERING
CHEMICAL VAPOR DEPOSITION

Solar Battery Charger (NC-AM1), Senyo Electric Co. Lt
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Some Test Results

30 . ' —eee e SAMP!.E 1802

z

= 20} — :

g | J

[« 4

3 0; .
og . 2 A 2 L t

VOLTAGE (VOLTS)
FIGURE 1. IV CHARACTERISTICS

AFTER ANNEALING (168°C FOR 112 HR IN AIRI
2

JSC 293 m Alcm LR ]

V. camv SHUNT RES 15 1ANCE: L#sKn

P - LS mwical SERIES RES ISTANCE: 4

0 -0 THERVAL ACTIVA  THERGY: QM4 oV
?

CELL AREA * 1.TM x 8 el

PRACTICAL CONS 10FRAT
© LARGE DIFFERENCES IN 0 SUGCCESTS A NEED FOR AN IN-DEPTH EVALUATION OF
DEGRADATIONAL WECHANISMS

© MANY OF THE MECHANISMS ARE LIKELY TO BE PROCESS PARAMETER SENSITIVE ON
WHICH THERE 1S SOME LIMI TED INFORMATION

® EFFECT OF ENVIRONMENTAL STRESS ON OTHER MECHANISMS APPEAR 10 BE LESS
UNDERS 000
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MODULE DEVELOPMENT AND ENG!* :RING SCIENCES

Amorphous-Silicon Solar Cell

o VERY SHORT DIFFUSION LENGTH ( < 1/ 1009 X C-Si)
o VERY HIGH ABSORPTION COEFFICIENT( > 10X C-Si)
o CARRIER TRANSPORT BY DRIFT

p i n

—_—

<,

—\
M
— N\

CARRIER DRIFT o\*——
REGION l

FIGURE 2. ENERGY BAND DIAGRAM OF p-i-n JUNCTION

® OPTIMIZF ABSORPTION AND i-LAYER INTERNAL ELECTRIC
FIELD BY ADJUSTING THE THICKNESSES AND FILM
CHARACTERISTICS

Current Activity

0 INVESTIGATING DEGRANAT (UNAL MECHANISHS ON COMMERCIAL
A-S1 SOLAR CELL ¥FRODUCTS.

0 1HESE CELLS ARE TYPICALLY LOW EFFICIENCY BUT PROVIDE
AN OPPORTUNITY FOR CONTRIBUTING DIRECTLY TO THE
IMPROVEMENT OF COMMERCIAL TECHNOLOGY,

0 EXAMINING DEVICE STRUCTURES, AND OPTICAL AND ELECTRICAL
CHARAZTERISTICS,

r. PoLar1ZING MicroSCOPE, SEli, CURVE TRACER, SUN-U-LATOR,

SCLS, FTIR, CapaciTor BRIDGE, HiGH PRECISION ELECTRO-
METER, ELLIPSOMETRY, ETC.
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(a) (b)

FIGURE 3. SCLS IMAGE OF SAMPLE 7703-1 BY TWO DIFFERENT
MONOCHROMAT!C LIGHTS (4880A (a) AND 5145A (b))

e IT ALLOWS FOR NON-DESTRUCTIVE EVALUATION AND FAILURE ANALYSIS OF
ENTIRE SOLAR MODULE AS WELL AS INDIVIDUAL CELL

e IT MAKES IT POSSIBLE TO DISCRIMINATE BETWEEN ACTIVE AND PASS IVE
(COSMETIC) DEFECTS

® IT MAY PROVIDE MEANS FOR ABSTRACTING INFORMATION ON DIFFERENT
LAYERS OF THE THIN-FILM SOLAR CELL
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Future Plans for «-Si Soiar Cells

0 UrcraDE SCLS CAPA3ILITY TO PROBE PHOTOCURRENT RESPONSE IN
DIFFERENT LAYERS OF THE DEVICE.

0 EVALUATE AND CHARACTERIZE MODULE DEGRADATIONAL PHENGHENA IN
THIN-FILM AMORPHOUS SILICON SOLAR CELLS WITH PARTICULAR
EMPHASIS ON MICRO A%D MACROSCPPIC DEFECTS/FLAMS.

0 DEVELOP METHODS TO ANALYZE FAILURE MODES RESULTING FROM

DEGRADATION DUE TO ENVIRONMENTAL EFFECTS SUCH AS OPTICAL,
THERMAL, MECHANICAL AND MOiSTURE.
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REFERENCE-CELL CALIBRATION ACTIVITIES

RELATIVE INTENSITY

—
N

o
oo

o
o

0.4

0.2

N85-32453

JET PROPULSION LABORATORY
R. Mueller
Reference-Cell Calibration Method

TYPE 11 (SECONDARY; CALIBRATION USING ASTM 130
LIGHT SOURCE IS THE JPL AM 1.5 FILTERED LAPSS

PRIMARY REFERENCE CELLS CALIBRATED IN SUNLIGHT
BY COMPARISON WiTH A PYRHELIOMETER USING
ASTM 130

TEMPERATURE OF DEVICE AND REFERENCE CONTROLLED

Spectral Irradiance (AM1.5 Direct)

=
<
T

I T T T T T 1 T i
21 —— LAPSS AM 1.5 DIRECT
——— ASTM AM 1.5 DIRECT
i | ! l | | | 1 '
300 400 500 600 700 800 900 1000 1100 1200
WAVELENGTH (nanometers)
663
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

Why Use Secondary Calibration in LAPSS?

L.

PRIMARY CALIBRATION N SUNLIGHT IS TIME CONSUMING

ONLY A LIMITED SUN CALIBRATION OF A SET OF PRIMARY
REFERENCE CELLS IS REQUIRED

THE LAPSS LIGHT SOURCE IS FILTERED TO CLOSELY MATCH
THE AM1.5 DIRECT SPECTRUM

TEMPORAL STABILITY OF THE FILTERED LAPSS IS EXCELLENT

PRIMARY REFERENCE CELL NEED NOT BE SPECTRALLY MATCHED
TO DEVICE UNDER CALIBRATION

LOWER COST AND TIMELY METHOD OF PROVIDING REFERENCE
CELLS

POSSIBLY LOWER ERROR THAN USING A SPECTRALLY MATCHED,
SUN CALIBRATED REF CELL WITH UNFILTERED LAPSS.

List of Organizations Provided Secondary
Calibration of Reference Cells

ARCO SOLAR

BRITISH PETROLEUM

CLEMSON UNIVERSITY

COMMISSION OF THE EUROPEAN COMMUNITIES
JET PROPULS |ON LABORATORY

KYOCERA INTERNATIONAL
MASSACHUSETTS INST. OF TECHNCLOGY
ONTAR 10 RESEARCH FOUNDATION, CANADA
SANYO

SOLAR ENERCY RESEARCH INSTITUTE
SOLAREX CORP.

SOLAR POWER CORP.

SOLAVCLT

SOLEC INTERNATIONAL

SOLENERGY CORP.

SPIRE

TIDELAND CO.

YALE UNIVERS ITY

&
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

CEC Round Robin

JRIGINAL PAQE " s
MANAGED BY:  COMMISSION OF THE EUROPEAN COMMUNITIES F POOR LS
JOINT RESEARCH CENTRE QUALITY
ISPRA ESTABLISHMENT
21020 ISPRA (VARESE) ITALY

OBJECT: TO RESOLVE DISAGREEMENT iN MEASURFMENTS

REFERENCE CELLS PROVIDED BY:

4 CELLS  AMORPHOUS SILICON JMI (JAPAN MACHINERY & METALS
INSPECTION INSTITUTE)

5 CELLS ~ MONO & POLYCRYSTALLINE ENEA (NUCLEAR & ALTERNATIVE ENERGY
AGENCY), ITALY

2 CELLS  POLYCRYSTALLINE SILICON AEG (TELEFUNKEN) GERMANY
3 CELLS  MONOCRYSTALLINE SILICON  PW (PHOTOWATT ORGANIZATION), FRANCE
4 CELLS  MONO & POLYCRYSTALLINE JPL(JET PROPULSION LABORATORY), USA

18 CELLS TOTAL

665
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

ORIGHNAL PAGE 1S
OF POOR QUALITY

CEC Round Robin Measurements Time Table

UNTIL AUG 7, 1984
AUG 15 - SEPT 15, 1984
SEPT 15 - OCT 15, 1984
OCT 15 - NOV 15, 1984
NOV 15 - DEC 15, 1984

JANUARY 1985
FEBRUARY 1985

MARCH 1985

APRIL 1985

JRC (JOINT RESEARCH CENTRE) ISPRA, ITALY

RAE (ROYAL AIRCRAFT ESTABLISHMENT), UNITED KINGDOM
CNES (NATIONAL CENTRE FOR SOLAR ENERGY), FRANCE
ENEA (NUCLEAR AND ALTERNATIVE ENERGY AGENCY}, ITALY

DFVLR (RESEARCH & EXPER IMENT INSTITUTE FORPIR &
SPACE TRAVEL), GERMANY

NRC (NATIONAL RESEARCH CENTRE), CANADA
JPL (JET PROPULS 10N LABORATORY), USA

JMI (JAPAN MACHINERY & METALS INSPECTION INSTITUTE),
JAPAN

JRC (JOINT RESEARCH CENTRE) ISPRA, ITALY
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MODULE DEVELOPMENT AND ENGINEERING SCIENCES

g BPC Round Robin

g MANAGED BY: BRITISH PETROLEUM COMPANY P.L.C,
" BP RESEARCH CENTRE
: MIDDLESEX, ENGLAND

OBJECT: TO RESOLVE DISAGREEMENT IN MEAS UREMENT

6 MODULES AND 1 REFERENCE CELL PROVIDED BY:

K PHOTOWATT

PHOTON TECHNOLOGY
TIDELAND

ARCO SOLAR

HELIOS

KYOCERA INTERNATIONAL

3 MEASUREMENTS TIMETABLE:

_’ =~ AUGUST 1984 RAE (ROYAL AIRCRAFT ESTABLISHMENT), U.K.
.' SEPT - OCT 1984 JPLJET PROPULS ION LABORATORY), USA
N OCT - NOV 1984 JRC (JOINT RESEARCH CENTRE), ISPRA, ITALY

Amorphous Silicon Activities

1. DEFINED A LAPSS MODIFICATION TO PKOVIDE AM 1.5
GLOBAL SIMULATION

. Ankie

2. DEFINED A REFERENCE CELL FOR USE WITH AMORPHOUS
SILICON MODULES
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MODULE DEVELOFPMENT AND ENGINEERING SCIENCES

RELATIVE RESPONSE

Spectrai Irradiance (AM1.5 Global)
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